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PREFACE TO THE FIRST EDITION. 



In the present Treatise my object has been to explain 
as concisely as possible the principles of Plane Astro- 
nomy, so as to enable a student, who wishes to enter 
into either the practical work or the Mathematics of 
the subject, to do so with a clear knowledge of the 
connexion between the Astronomical observations and 
the results to which they lead. 

In the few places where I have employed Mathe- 
matics to a slight extent, I have done so with a view, 
not of shewing what the actual calculations are, but 
of explaining in as simple a way as possible the kind 
of connexion which exists between the observations 
and their Mathematical application. 

In dividing the subject into chaptei's, I have 
followed the arrangement in the work on Fracticcd cmd 
Spherical Astronomy by my father, the Rev. R. Main. 
In preparing the Treatise I have examined all the 
Modem Works on the subject, and in some cases I 
have quoted from them; the quotations will be found 
within inverted commas. I have also used, by per- 
mission, two or three diagrams from Dean Goodwin's 
Cov/rae of MoUhematics. 



VI PBEPACE. 

It is hoped that this treatise will answer the 
purpose of a text-book for that part of the subject 
which is required in the first three days of the Exami- 
nation for Mathematical Honoura 

Several of my friends have from time to time 
assisted me with their advice, for which I desire to 
tender them my most sincere thanks; I am also very 
greatly indebted to Mr Freeman and Mr Sharpe, both 
of St John's College, for the care with which they 
have examined the proof-sheets, and gladly take this 
opportunity of expressing my obligations to them for 
their assistance. 



P. T. MAIN. 



St. John's Colleqe, 
November 30, 1865. 



PREFACE TO THE SECOND EDITION. 



In order to give a wider circulation to this work, the 
Second Edition has been included in the Cambridge 
School and College Text Books, at a greatly reduced 
price. Several fresh articles have been added where 
they seemed to be required, and the work has been 
throughout carefully revised. 
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ASTRONOMY. 



CHAPTER I. 

DEFINITIONS AND FIRST PRINCIPLES. 

1. Plane Astronomy; its object 

Astronomy treats of the motions of the heavenly bodies. 
All these motions are the results of the Law of Gravitation ; 
and their calculation from that law is the office of Physical 
Astronomy. 

In the present work we treat of the motions of the 
heavenly bodies as they appear to a spectator on the 
Earth's surface, of the manner of observing accurately 
these motions, and of the phenomena to which they give 
rise. This part of the science is called Plane or Practical 
Astronomy. 

2. The celestial sphere. 

The first impression which a sight of the heavens on a 
fine night conveys to the spectator is that he is situated at 
the centre of a vast hemispherical vault or dome, studded 
with luminous bodies. He has in fact no means of forming 
an opinion as to the relative distances from him of the dif- 
ferent bodies : he consequently imagines them all to be at 
the same distance, and to be situated on a spherical sur- 
face with himself at the centre : in reality these bodies are 
at various distances, the nearest of them, the Moon, being 
about 240,000 miles ofi^, and the greater part of them at 
distances utterly beyond our powers of measvxt««i^x&*. 
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Although this spherical surface is purely imaginary, it 
will be convenient to retain it for purposes of explanation. 
We shall therefore frequently indicate the position of a star 
by the point in which a straight line from the observer's 
eye to the star meets the surface of a sphere of indefinite 
radius, and having its centre at the observer's eye. This 
sphere will be called the celestial sphere. 

3. The Earth nearly a sphere; more nearly an oblate 
spheroid. 

A spectator on land is usually prevented by various 
irregularities of the surface from forming any conception of 
the general shape of the visible portion of the Earth. At 
sea, however, the appearance is that of a plane, bounded in 
all directions by a circle called the ofiing, and forming the 
base on which is supported the visible hemisphere of the 
heavens. 

The earth is, in reality, not a plane, but almost accurately 
a sphere, the diameter of which is about 7900 miles. The 
height of the observer above the surface is so small com- 
pared with this, that he sees but a very small portion of 
the Earth's surface, so small indeed that the curvature is 
almost inappreciable. 

To shew this more clearly, let O be the observer's po- 
sition, C the centre of the Earth : and let 00 meet the sur- 
face in B. Draw OA a tangent to the Earth. 




OA 



Then the cosine of the angle AGO is —7.; which, since 



Definitions and First Principles, S 

OB is very small compared with CA, is very nearly equal 
to unity. The angle ACQ is, therefore, extremely smaM;; 
i.e. the curvature of the Earth from ^ to ^ is extremely 
small; and this is true in whatever direction the tangent is 
drawn from O. 

Since the angle ACQ is very small, the angle AOC is 
nearly a right angle, and AOia nearly parallel to the tan- 
gent at B, 

The angle which AO makes with the tangent at jS is 
called the dip qf the horizon. 

The visible portion of the Earth is boimded by all the 
points of contact of tangents from to the Earth. We find 
therefore that the visible portion of the Earth must 
appear sensibly a plane; and that the observer's view <rf 
the heavens is, neglecting the dip, bounded in all direction^ 
by the tangent plane to the Earth at the x>oint immediately 
beneath him. 

We have stated that the Earth is almost a sphere : its 
exact figure is an oblate spheroid, i. a a figure generated by 
the revolution of an ellipse about its minor axis. The 
minor axis of the ellipse, or the shortest diameter of the 
Earth, is about 7900 miles, and is less than the msgor axis, 

or the greatest diameter, by about r^ part, or rather more 

than 26 miles. 

This deviation from sphericity is so extremely small, 
that we shall for general purposes of explanation consider 
the Earth to be a sphere. 

4, Phenomena confirming the gldbvlar form qf the 
Earth, 

Assuming the Earth to be approximately spherical, 
we should expect to meet with phenomena which are ex- 
plained by this supposition and are incompatible with the 
supposition of its being a plane. Such phenomena abound; 
among the most striking are the following; 

( 1) The appearance of the offing at sea^ as a well-defined 
circular line. 

(2) The observed increase of the dip of the horizon 
with the height of the observer above th^ fi»xVX]L^ %\fis\^&ne^ 

A— ^ 
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(3) The manner of disappearance of a ship as it re- 
cedes from sight. At first, the apparent size of each 
part gets smaller and smaller; this goes on till the ship 
reaches the offing; after this the hull is ohserved to disap- 
pear bit by bit, from the lowest to the highest part, as it 
becomes gradually hidden by the sea: in this manner the 
hull gradually disappears till none of it is seen, while the 
sails and the masts are still yisible ; the sails then disap- 
pear in the same gradual manner, and leave the top-mast 
alone yisible above the water ; this then appears to sink bit 
by bit, and finally to vanish altogether. 

(4) The apparent positions of the Pole-star and of the 
constellations vary, when seen from different points on the 
Earth, precisely in the way in which they must appear to 
vary if these points all lie on the surface of a globe. 

(5) The shadow cast by the Eaa*th on the Moon in a 
lunar eclipse is always bounded by a portion of a circle. 

6. Definitions. 

Since the resultant attraction of a sphere on an exter- 
nal particle is directed to the centre of the sphere, the 
direction of gravity at any point on the Earth will be the 
same as the direction of the Earth's diameter through that 
point. This direction is indicated — almost accurately, (Art. 
] 14) — either by a plumb-line, which consists of a fine wire or 
thread supporting a weight, or by the perpendicular to the 
surface of some fluid, as water, mercury, or ether, at rest. 

Dbp. The points in which the direction of the plumb- 
line, or the perpendicular to the surface of a fluid at rest, 
at any place meets the celestial sphere are called respec- 
tively the Zenith and the Nadir; the zenith being the 
point immediately above the observer, and the nadir im- 
mediately below him. 

Def. a plane perpendicular to this line at the ob- 
server's position is called the Sensible Horizon : and the 
parallel plane through the Earth's centre is called the 
Rational Horizon. 

By what has been said, the Sensible Horizon is a tan* 
gent to the Earth's surface, and is the plane which bounds 
the observer's view of the heavens. 
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Def. I'he great circle in which the celestial sphere is 
met by either the Rational or Sensible Horizon — see Art. 
18 — is called the Celestial Horizon. 

6. The sphere. D^nitions. 

Before proceeding farther it will be desirable to state a 
few definitions and prove a few propositions relating to the 
geometry of the sphere. 

Dbp. a sphere is a surface every point of which is 
equally distant from a point within it called the centre. 

It follows at once that every plane section of a sphere 
through the centre is a circle whose centre and radius are 
the centre and radius of the sphere. 

Def. Every central section of a sphere is called a great 
circle. 

Hence it follows that all great circles of a sphere are 
equal ; and since any two of them intersect on a diameter 
of each they bisect each other. 

7.. JSvery plane section qfa sphere is a circle. 




For^ let APB be the curve in which a plane meets the 
surface of a sphere, centre €, 

Draw CD perpendicular to the plane, and join D with 
P zxij point in the curve. 

Then since CD is perpendicular to the plane it i£i per-r 
pendicular to the straight line DP in the plane : 

.\CP'=CD^-^PD'. 
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And CJRy the radius of the sphere, is constant : hence PD 
is constajit^ and the curre is a circle with centre Z> and 
radius equal to PD. , 

Since DP is less than (7P, the radius of a great circle 
is greater than that of any other section. 

DsF. A section of a sphere by a plane not passing 
through the centre is called a small circle. 

8. Great circles and their poles, 

Def. The poles of a great circle are the x>oints in 
which a diameter of the sphere perpendicular to the plane 
of the great circle meets tiie sphere. 

Hence the planes of all great circles which pass through 
the poles of a great circle are perpendicular to its plane. 

Let P,phe the poles of a great drcle ABB; (7 the 
centre of the sphere ; PAp, PDp any great circles through 
P, p meeting ABB in A and B, Join (7-4, C!Z>. 




Since PCi& perpendicular to the plane ABB^ ACy BC 
are both perpendicular to PG\ hence L ACB is equal to 
the angle between the planes PAp, PBp, Also PA, pA, 
PD, pB are quadrants. 

Hence a great circle bisects all semicircles joining its 
poles. And the arc of a great circle intercepted by two 
planes through its x)oles subtends at the centre of the 
Sphere an angle eqi^ to the angle between the two planes. 
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9. Angular Distance, 

Since the arcs of all great circles are prox)ortional to the 
angles they subtend at the centre of the sphere, the arc is 
often used to designate the angle ; and the angle is often 
called the angular distance between the extremities of 
the arc. 

10. TJte general changes in the appearance qf the 
heavens during a night* 

Unless the contrary be stated the observer will be 
always supposed to be in north latitude (Art. 12 }. Suppose, 
then, an observer in north latitude to watch the appearance 
presented by the heavens at night during several consecu- 
tive hours. If he turns his face towards the south, he will 
observe on his right hand stars moving obliquely towards 
and finally disappearing beneath the horizon : on his left he 
will observe fresh stars appear above the horizon. Each 
star will appear to move in an arc' of a circle, all these arcs 
being in parallel planes. 

If he now turns to the north he will observe that though 
some of the stars in their downward course disappear below 
the horizon, others arrive at their lowest point before 
reaching the horizon, and then move upwards. The motions 
of these stars will appear also to be in circles or arcs of 
circles described in parallel planes. Among the stars 
which do not descend below ttie horizon, one bright star 
will appear hardly to move at all, and to be at or about the 
centre round which all the rest revolve. This is Polaris, 
or the pole star. 

11. Rotation of ths Earth, Definitions, 

Although the stars thus appear to be all in motion, or 
all with one exception, if their places among one another 
be observed, they will be noticed to remain the same 
throughout the motion: thus the appearance is as if the 
whole firmament were rotating bodily about the line drawn 
from the observer's position to a point near the pole star. 

It has been however established beyond doubt that it is 
the Earth and not the firmament which rotates, and that 
it rotates with uniform angular velocity: it will be shewn 
in Chapter iv. how the appearances abo^^ ^^assc&si^^t^ 
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explained by supposing the Earth to rotate about an axis 
which retains a fixed direction in space, and the stars to be 
at an immense distance. 

Def. The axis about which the Earth rotates is called 
its Polar AxiSy and its extremities on the surface of the 
Earth the North and South Poles, The points in which 
the axis produced meets the celestial sphere are the north 
and south poles of the heavens. 

Dep. a central section of the Earth perpendicular to 
its axis meets the surface of the Earth in a great circle 
called the Terrestrial JSqimtor, and the celestial sphere 
in a great circle called the Celestial Equator. 

Def. Planes through the Earth's axis meet the surface 
of the Earth in great circles called Terrestrial Meridians^ 
and the celestial sphere in great circles called Celestial 
Meridians, or Declination Circles, The Meridian of any 
place is the Meridian which passes through the zenith of 
the place. 

Def. The line of intersection of the meridian with the 
rational horizon is called the Meridian Line. The points 
in which this meets the celestial sphere are called the north 
and south points : the north point being that nearest the 
pole star. If a line be drawn on the horizon perpendicular 
to this it will meet the celestial sphere in the ea^t and west 
points : the east being the point in the neighbourhood of 
which stars appear to rise above the horizon, and the west 
the point towards which they set. 

12. Latitude and Longitude. 

The position of a point on the Earth's surface is deter- 
mined by its Latitude and Longitude, which are defined as 
follows : 

Def. The Latitude of a place on the Earth's surface is 
the angular distance of its zenith from the equator measured 
on the meridian; it is therefore the complement of the 
distance of the zenith from the pole, which is called the 
Co-latitude. If the place is north of the equator, it is 
called north latitude ; if south, south. 

Def. The Longitude of a place is the angle between 
its meridian and some fixed meridian to which all longi- 
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tudes are referred. In England the fixed meridian is that 
of Greenwich, and the longitude of a place is therefore the 
angle between its meridian and the meridian of Greenwich. 
A place to the east of Greenwich is said to have east longi- 
tude, and a place to the west, west longituda Both east 
and west longitudes vary from 0^ to 180^. 

Def. The small circle in which a plane parallel to the 
equator meets the Earth's surface passes through places all 
having the same latitude ; it is hence called a Circle of 
Latitude, 

1 3. Polar-Distance and Hour- A ngle, 

Def. The Polar-Distance of a star is its angular dis- 
tance from the pole. The arc of the star's declination- 
circle intercepted between the star and the equator, which 
is the complement of the polar distance, is called the De- 
clination of the star. The north polar distance of a star is 
often called its N, P, D, ; and the south polar distance the 
S. P. D. 

Def. The Hour-Angle of a star is the angle which its 
declination-circle makes vdth the meridian. It receives its 
name from the fact, that the velocity of the rotation of the 
earth being uniform, this angle is proportional to the time 
elapsed since the star crossed the meridian. 

The Polar Distance and Hour- Angle of a star being 
known, its place with respect to the observer's meridian is 
known. 

14. Zenith-Distance and Azimuth. 

There is another method of defining the position of a 
star vnth respect to the meridian. It is by the zenith- 
distance— often called the Z,D, — of the star, and its azi* 
math ; which we proceed to define. 

Def. The Zenith-Distance of a star is its angular 
distance from the zenith. 

Great circles through the zenith are called Vertical 
Circles, The arc of a vertical circle intercepted between 
the star and the horizon is the complement of the zenith* 
distance, and is called the Altitude of the star. 

Def. The Azimuth of a star is the angle which the 
vertical circle through the star makes with the merldiaxLH 
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When the azimuth is measured from the portion of the 
meridian which passes through the north pole, it is called 
north azimuth; in the other case, south azimutii. 

Def. The vertical circle which is perpendicular to the 
meridian of the place is called the Prime Vertical. 

. The prime vertical intersects the celestial horizon in 
the east and west points. 

16. Illustration of definitions. 




In the figure, Z is the zenith, P the pole, so that PZ 
Is the co-latitude ; sEn the horizon, QER the equator ; S a 
star, ZSM& vertical circle, and PSN a declination-circle, 
through S, Pn is the complement of PZ the co-latitude. 
Thus the altitude of the pole is equal to the latitude of the 
place. 

The great circle sZPn is the meridian, meeting the 
horizon in s and n the south and north points. PS is the 
polar distance, SN the declination, lSPZ the hour- 
angle, SZ the zenith-distance, SM the altitude, and L nZS 
the north azimuth. 

Since P is the pole of the equator, the meridian sZPn 
is perpendicular to the equator. Similarly, since Z is the 
pole of the horizon, the meridian is perpendicular to the 
horizon ; the meridian is therefore perpendicular to OEy 
the line of intersection of the equator and horizon. Hence 
the great circle ZE is perpendicular to the meridian, and 
is the prime vertical. 
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16. Sidereal Day, 

By the rotation of the Earth the stars are brought in 
succession across the meridian of any place : the passage of 
a star across the meridian is called its transit; and the star 
is then said to transit the meridian. 

A star situated in the celestial equator appears in con- 
sequence of the diurnal rotation to describe a great circle 
about the observer's position. The interyal between sue- 
oessiye transits of a star across the meridian is called a 
Sidereal Day; it is divided into 24 sidereal hours. A star 
in the equator, therefore, describes about the observer's 
position angles at the rate of 360^ in 24 sidereal hours, or 
15<> in 1 sidereal hour. 

17» Circumpolar stars. 

Since all the stars appear to describe circles about OP 
in consequence of the rotation of the Earth, any plane 
through OP bisects all the apparent diurnal circles of the 
stars ; for it passes through the centres of all such circles. 

Def. a star, the whole of whose diurnal circle is de- 
scribed above the horizon, is called a circumpolar star. 

Since any plane through OP bisects ^is circle, the 
portions of the diurnal circle of a circumx)olar star described 
on each side of the meridian of any place are equal 

18. Points on the celestial sphere indicate directions. 

A point on the celestial sphere, which has a fixed posi- 
tion among the stars, indicates a fixed direction in space ; 
so that a line drawn from the observer's eye to the point 
will be i^the same direction wherever the observer maybe. 
For, let uS be a line drawn from the observer to any star, 
and suppose the observer to change his position by moving 
to any other point on the Earth's surface : the direction of 
a line drawn from his new position to the star is the samd 
as before ; for the stars are so distant that a diameter of 
the earth subtends no appreciable angle at any of them. 

Again, it will be explained farther on that the Earth 
rotates about its axis and describes an orbit round the Sun. 
But the fixed stars are too far off for evoa a diameter of the 
Earth's orbit to subtend any appreciable angle. The 
direction of OS will therefore be unchangidl Vs xNi^^^SfiaEK^^ 
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motion. Hence a line from the observer's eye to any star 
moves 80 as to be always parallel to itself. 




Again, let OQ be a line drawn from 0, the observer's 
position, in a given direction ; and as the observer moves 
in consequence of the Earth's motion, let OQ be always 
drawn in the same direction in space : then, since the di- 
rection of OS is invariable, the angle SOQ is constant. 
Hence, if any line OQ moves parallel to itself, it intersects 
the celestial sphere in a point fixed with respect to the 
fixed stars. 

As an instance of this we may mention the Earth's axis, 
which is carried by the Earth parallel to itself as the Earth 
moves round the Sun. The north and south poles of the 
heavens, being the points in which the Earth's axis meets 
the celestial sphere, are fixed points among the stars : and 
the plane of the terrestrial equator which is carried by the 
earth in space parallel to itself, meets the celestial sphere 
in a great circle fixed with respect to the stars. We shall 
see farther on that the Earth's axis is not absolutely in- 
variable in direction, although its change of direction is so 
slow that the accumulated effect in a whole ye^ is very 
minute. This change of direction is indicated by a change 
in the positions of the stars with respect to the poles and 
equator. 

19. Fixed point. 

By a fixed point on the celestial sphere is to be under- 
stood a point which retains an invariable position with 
respect to the fixed stars ; thus, the line drawn from the 
observer's eye to a fixed point on the celestial sphere has a 
fixed direction in space, that is, moves parallel to itselt 
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20. The actual motions in space are deduced from the 
observed apparent motions. 

Since the position of an object on the celestial sphere 
indicates its direction in space £^ seen from the point of 
view of the observer, this direction being fixed or variable 
according as the position of the object with reference to the 
fixed stars is fixed or variable, it follows that, by noting 
from time to time the position on the celestial sphere of 
any heavenly body with reference to the fixed stars, we 
obtain the changes of direction, if any, of the line drawn 
from the observer's eye to the object. Hence, the apparent 
path of a heavenly body among the stars indicates the 
angular motion of the body relatively to the observer; 
this angular motion may be due partly to the motion of the 
Earth in space, partly to that of the body. If the body 
itself were fixed in space there might still be an apparent 
motion of the body among the stars on the celestial sphere 
due to the actual motion of the Earth. Again, the body 
may be moving in space as well as the Earth, while the 
line joining them moves parallel to itself; the body would 
then retain a fi&ed position on the celestial sphere. 

We see, then, that the actual motions of the heavenly 
bodies in space are not given at once by observation of 
their apparent motions in the heavens; still, these apparent 
motions are dependent on the actual motions, so that from 
observations of them at different times and places the real 
motions can be inferred ; this is in fact the chief object of 
Practical Astronomy. 

21. Fiosed stars. Constellations, 

We have stated that the stars, though appearing to 
rotate in a body about the axis of the heavens, do not ap- 
pear to move inter se. This is perfectly true of the vast 
bulk of the heavenly bodies ; so that if the position of one 
of them be noted on any night with respect to certain 
others, it will be found on all subsequent nights to occupy 
precisely the same position among them. The stars to 
which this applies are called, to distinguish them from the 
few exceptions to the rule,^^^^ stars. 

The most conspicuous among the &tA.T^ V^^^^ \^^s^ 



14 Astronomy. 

from remote antiquity divided into groups, called Constd- 
lations. All the stars which come within the part of the 
heayens occupied by a constellation are called by the name 
of the constellation; the individual star being designated 
by a letter of the Greek alphabet or a number; e.g. 
a LyrcB, a Centauri, 61 Cygni, Some of the most conspi- 
cuous stars have proper names besides : as a Canis MajoriSy 
which is called Birius, or the Dog-star; a Ursoe MinorU, 
called also Polaris, or the Pole-star. 

22. Magnitiuie. 

The stars are likewise classified according to their bril- 
liancy. The astronomical term for the brilliancy of a star 
is magnitude. The stars visible with the naked eye are 
divided into seven classes, according to their magnitude : 
the most brilliant being those of the first magnitude. 

The brightest stars appear to the naked eye to have 
the largest discs: but this is an optical {illusion. On ap- 
plying telescopes of high magnifying powers, the illusion 
vanishes, and the stars are seen as points, there being no 
visible disc at all. 

23. Moon*8 motion amx)ng the stars. % 

Some of the heavenly bodies, if watched night after 
night, will soon be seen to have changed their positions 
among the stars. Such are the Moon and Planets. 

The Moon's motion is so rapid as to be noticeable in a 
few hours. If its path among l^e stars were laid down on 
a celestial globe, it would be found to be a great circle of 
the celestial sphere. The direction of its motion among 
the stars is from west to east, or contrary to the direction 
of the apparent diurnal motion. Motions from west to 
east are called direct motions; those from east to west 
being called retrograde. Thus the Moon's motion among 
the stars is direct. 

The real motion of the Moon's centre in space is ap- 
proximately in an ellipse of small excentricity with the 
centre of gravity of the Earth and Moon — a point some- 
where within the Earth — ^in one focus. The mean distance 
of the Moon is about 60 radii of the Earth, or about 240,000 
miles. The angle subtended at the observer's eye by its 
diameter, called the apparent diameter, varies from about 
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29' to 33'. Its sidereal period, i e. the interval between 
successive arrivals at the same position among the stars, is 
about 27j^ days, and is exactly equal to the time in which 
it rotates on its axis. We shall reserve further discussion 
of the Moon for a future chapter. 

24. 8un^8 motion among the stars. 

The Sun by the brightness of its light quite overpowers 

the comparatively feeble light of the stars: we cannot 

therefore observe with the naked eye the position of the 

Sun with respect to the fixed stars. The general fact, 

however, that it has a direct motion among the stars, i. e. 

a motion from west to east, can easily be detected by 

observing stars which rise a little before, or set a little 

after the Sun. Suppose, for instance, a star be noticed to 

set a little after the Sim : it is then to the east of the Sun. 

In a few nights it ceases to be visible, being overpowered 

by the Sun's rays : soon afterwards it is observed to rise in 

the east a little before the Sun, and the interval of time by 

which it precedes the Sun increases daily. The Sun has 

thus been seen to advance from a position to the west of a 

star to a position to the east of it : its general motion is 

therefore direct. Another indication of the Sun's motion 

among the fixed stars, is the variation of its meridian 

altitude, which is greatest in summer, and least in winter; 

the N.P.D. of the Sun is therefore greatest in winter and 

least in summer. 

26. Ecliptic, Equinoxes. First pmnt of Aries, 
In Chapter iii. it will be shewn how by observation of 
a body at the instant of its crossing the meridian its posi- 
tion among the stars becomes known. If the Sun be so 
observed from day to day, the successive positions of its 
centre among the stars are known, and its path among 
them may be traced. It is found to be a great circle of 
the celestial sphere. 

This great circle is called the Ecliptic; the angle which 
it makes with the equator is called the obliquity ^ and the 
points in which it intersects the celestial equator are called 
respectively the Vernal and Autumnal Equinoxes, the 
Vernal equinox being the position of the Sun's centre when 
crossing from the south to the north side of the. equator; 
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the Vernal equinox is also called the First Point of Aries; 
its motion among the stars is so extremely slow, being a 
result of the change of direction of the Earth's axis, that 
we shall in general consider it to be a fixed point. 

Dep. The angle which a declination-circle through a 
star makes with that through the first point of Aries is 
called the right ascension^ or R.A., of the star. 

The apparent motion of the Sun in the heavens is due 
to the real motion of the Earth in space about the Sun. 
The fixed stars are at such an immense distance that their 
positions among one another as seen from the Earth are 
unaflTected by the Earth's change of position in its orbit 
round the Sun : thus the Sun being seen in different direc- 
tions and the stars in the same direction, the Sun appears 
to move among them. For a further explanation of this 
the reader is referred to Chapter rv. 

The orbit of the Earth about the Sun is an ellipse of 
small excentricity ; the mean distance of the Earth from 
the Sun is about 92 millions of miles. 

26. TJte planets. Kepler's laws. 

Besides the Sun and Moon there are other bodies called 
Planets, which are suflSciently near to us to have distinctly 
visible discs when seen through a telescope of sufficient 
magnifying power; their motions are not nearly of so 
simple a nature when viewed from the Earth, as those of 
the Sun and Moon. Their actual motions in space are, 
approximately, in ellipses of small excentricity about the 
Sun; viewed from the Sun their motions would appear 
equally simple with the motion of the Moon as viewed from 
the Earth; their apparent motions when viewed from the 
Earth are all nearly in the plane of the ecliptic, and are 
sometimes direct, sometimes retrograde. In Chapter viii. 
we shall explain these apparent motions, accounting for 
them by the combined effects of the motion of the Earth 
and of the Planets round the Sun. 

The laws of the motions of the Earth and Planets round 
the Sun were first discovered by Kepler; they are called 
Kepler's laws, and are i-^ 

(1) The radii vectores describe areas in one plane pro- 
portional to the times of describing them. 
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(2) The orbits are ellipses with the Sun in one focus. 

(3) The squares of the periodic times vary as the cubes 
of the mean distances from the Sun. 

27. Inferences from Kepler's laws. 

It was afterwards shewn by Newton that it is a neces- 
sary consequence of the first law, that the forces under 
which the planets move tend to the centre of the Sun ; 
of the second law, that these forces vary inversely as the 
square of the distance ; and of the third, that the accelera- 
tion with which a planet would be urged towards the Sun 
at a unit of distance is the same for all the planets, and 
hence that the masses of the planets are extremely small 
compared with the mass of the Sun. 

28. Kepler's laws only approximations, 

Kepler's laws, though representing the motions very 
closely indeed, are only approximations; they would be 
accurately true if the masses of the planets were infinitesi- 
mal. When the masses of the planets, and the effects 
which they produce, by attracting each other and the Sun 
according to Newton's law of invitation, are taken into 
account, it is found that the minute deviations from Kepler's 
laws are accurately accounted for. 

29. Satellites, 

Some of the planets have satellites, that is, smaller 
bodies describing orbits about them, as is the case with the 
Moon about the Earth : the motions of these satellites are 
found to be strictly in accordance with the law of gravi- 
tation. 

30. Tlie Solar system. 

The Sun, planets, and satellites, including the Earth 
and Moon, constitute the Solar system. In addition to the 
bodies enumerated, there are bodies of extremely minute 
masses which describe parabolas or very long ellipses about 
the Sun, and are visible when they arrive at the part of 
their orbit which is near the Sun. These are called Comets. 

They really constitute a part of the Solar system ; but 
ajs they are only occasional visitors, and appear to have no 
influence on the other members of the system, we shall 
not discuss them here. 
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I 31. Astronomical Instruments; their object. 

The object of Astronomical Instruments is to determine 
with precision the position of a heavenly body at a given 
time, or the exact time at which it crosses a given plane. 

We propose to describe here the instruments commonly 
used in a fixed observatory: and as, for astronomical pur- 
poses, a means of determining the exact time is indis- 
pensable, we shall say a few words on the astronomical 
clock. 

32. Astronomical Clock. Error, Rate, 

It is essential that a clock to be used for astronomical 
purposes should go very nearly uniformly. The workman- 
ship must therefore be of the &%t order, and there must be 
a contrivance for compensating the effect of changes of 
temperature : this is effected by a compensating pendulum, 
the most usual form of which is the mercurial pendulum. 
It consists of a rod to which is attached a cylindrical glass 
vessel containing mercury : the amount of mercury to be 
employed is so determined that an increase of temperature 
by expanding and therefore raising the mercury exactly 
counteracts the effect produced by the expansion of the 
rod. 

The clock is usually so adjusted as to keep sidereal 
time : i.e. so that 24 of its hours may elapse between suc- 
cessive transits of the first point of Aries (Art. 25) over the 
meridian. 
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The elock should iDdicate 0^,0'^,0' at the instant of tho 
passage of the first point of Aries. 

The interval of sidereal time by which the clock is fast, 
or the time which it indicates when the first point of Aries 
transits the meridian, is called the error of the clock. If 
the clock is slow, the error is negative. 

The increase of the error in 24 hours is called the rate 
of the dock. If the error diminishes, the rate is negative. 
By what has been said, it is essential that the rate of the 
clock should be nearly constant. 

33. Relation between B,A, qf a 9tar and Us ndereal 
time qf transit 

A meridian through any star or any fixed point on the 
celestial sphere (Art. 19) coincides with the meridian of a 
place at intervals of 24 hours of sidereal time. The me- 
ridian through the first point of Aries, therefore, separates 
from the meridian of the place at the rate of 360® in 24 
hours, i.a of 15* per hour : hence the meridian through any 
star at the instant of its transit will, if the clock has neither 
error nor rate and indicates t hours, make an angle of 15^ 
with the meridian through the first point of Aries ; ie. the 
B. A. of the star will be 15^. 

34. The Vernier. 

Before describing the main instruments used in an ob- 
servatory, we shall explain two subsidiary instruments, the 
Vernier and the Micrometer, used for the purpose of 
measuring small linear distances; the part which they play 
in the exact determination of the positions of celestial 
objects will be explained farther on. 

Let AE be a straight line perpendicular to which are 
drawn lines marking off equal intervals, say inches, the inches 
being measured, from A the first division, upwards : and 
suppose that it is required to estimate the distance from A 
of a straight line intermediate between any two divisions, 
as B and (7, to within one nth of an inch. For this purpose 
a scale is used on which are marked straight lines parallel 
to each other, and at equal distances such that n of its 
intervals may occupy the same space as n— 1 of the inter- 
yaJfl in AE, ie. n— 1 inches. Each inter^^ oi VXi^ ^^^^ 
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is therefore an Inch minut an nth of an inch. 
Suppose now this scalo to he applied with its . 
extremity or zero poiat i at the poeitjon of the 
line whose distance from .^ is to be measured. ^ 
Then one of the diTi«onB of the scale between 
h and the other extremity a will very nearly co- 
incide witfa a division oXAE: let the divisions D 
and (2 be supposed to coincide; then, proceed- 
ing irom D towards A, the next divisions to D 
and d will be separated by I nth of an inch ; 
the nest by 2 nths ; and so on ; if therefore d be 
the Hh division from b, b and B will be r nths 
of an inch apart. Thus if AB=a inches, the 
distance required firom A=a + ~ , in inches. 

The scalebais calleda Yemier. Ifthe gra- 
duations to be measured are on a circle, the 
Vernier must be a concentric circular arc In 
tUa case, the graduations may indicate degrees 
or fractions of a degree : thus, suppose the in- 
tervals indicate each 20 minutes, and it is 
required to measure minutes of arc by means 
of it. The Vernier must by what has been said 
contiun 19 intervals of the circle in 20 of its 

3S. The Micrometer. 

The Micrometer appears under various 
forms, according to the purpose to which it is ' 
to be applied. The principle however is the 
same in all : it consists in measuring, by means 
of the graduations of a circle attached to the head of a 
screw, the motion which is commimicated by the screw to a 
wire or spider-line. 

We shall content ourselves with explaining briefly Ae 
construction of it as applied to the Transit Instrument. A 
frame, carrying either one wire, or a couple of intetflecting 
vrires, is placed as near the common focus of the otfject- 
glass and eye-glass of the telescope as possible without 
interfering with the transitrwires (Art. 38). If the Mi- 
crometer has one wire, it is placed parallel to the transit- 
^rires. The frame containing the micrometer-wire i> ct^ta- 
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ble of motion in a direction x>erpendicn]ar to the wires, so 
that the micrometer-wire passes almost in contact with 
each of the transit-wires. This motion is x>erformed by 
means of a very fine equable screw, to the head of which is 
attached a circle which is usually divided into 100 (or 60) 
equal parts : a pointer fixed to the telescope is so situated 
that each division of the circle is in turn brought under it 
by the revolution of the screw. 

36. Value in angle of tnicrometer-reading. 

By turning the head of the screw until the position of 
the micrometer-wire coincides in succession with the posi- 
tions of the transit-wires, the number of revolutions and 
parts of a revolution of the screw corresponding to the 
intervals between consecutive wires is easily determined. 

Let any two consecutive vertical wires meet the 
horizontal wire in A and^: and let the telescope be 




directed to an equatorial star, and so pointed that the star 
travels aloug the horizontal wire, coming successively to A 
and B. Join A and B with the optical centre of the 
object-glass: then AO^ BO are the directions of the star 
when its image is at J[ and B ; and, if produced indefinitely 
to /S' and /S^, they give the directions of the star at those 
instants. But a star in the equator describes a circle about 
O in 24 sidereal hours : L e. it describes 15 seconds of angle 
in one second of sidereal time. If therefore the interval 
of time in seconds be observed, which is occupied by 
the star in its passage between the two wires, we ob- 
tain the angle AOB or SOS' in seconds by multipl^% 
by 16. 
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We may thus obtain the value in angle of the microme- 
ter-reading from ^ to ^: any other micrometer-reading 
may hence be reduced to angle by a simple porportion. 

37. The Transit Instrument, 

The object of the Transit Instrument is, in connexion 
with the sidereal dock, to note the exact time oi transit of 
any star across the obserrer's meridian. 

In fixed observatories, solid foundations are sunk to 
some distance in the earth, on which are erected stone 
piers: these piers are constructed to support an astrono- 
mical telescope capable of revolving as nearly as possible 
in the plane of the meridian about a horizontal axis whose 
extremities rest on the two piers. A telescope so moimted 
is called a transit instrument. Its axis consists of two 
cones of metal, of equal dimensions and whose geometrical 
axes are in the same straight line, firmly fastened to op- 
posite sides of the middle of the tube of the telescope. At 
the extremity of each of the cones is a cylindrical pivot: 
the pivots must be of the same diameter and their axes in 
the same straight line. 

The pivots rest on two T's, as they are called from their 




Instruments. 23 

shape, being metallic supports fitting into the piers. Each 
Y is capable of being moved by a screw — that at the east 
end yertically, and that at the west horizontally. By 
means of these screws the axis of the instrument is ad- 
justed so as to be perpendicular to the plane of the 
meridian; after this has been once done the Y's ought 
rarely if ever to be moved. 

The general arrangement is shewn in the accompanying 
figurow 

38. Lenses and wires of Transit Instrument, 

The telescope is fitted with a compound object-glass, — 
combined to correct, as much as possible, chromatism and 
spherical aberration, — and a Bamsden's or positive eye- 
piece. At the focus of the object-glass is fixed a frame 
containing five or seven vertical wires (usually made of 
spider's webs) as nearly as possible equsLlly distant from 
each other ; besides one or sometimes two horizontal wires 
at about the middle of the field of view. 

Besides these there is a micrometer wire, i.e. a wire 
moveable by a micrometer screw, parallel to and very 
nearly in the same plane with the vertical wires. 

39. Setting the telescope. 

For the purpose of setting the telescope so as to bring 
any star, whose N.P.D. is known approximately, into the 
field of view, there is a small graduated circle rigidly at- 
tached to it near the eye-piece, with its plane perpendicular 
to the axis of rotation of the telescope. Parallel to the 
plane of this circle and moveable about its centre is 
attached a spirit-level (Art. 47). The circle is so graduated 
that when the level is placed with the centre of its bubble 
at the middle of the tube of the level, a pointer attached 
to the level and moveable with it indicates on the circle 
the N.P.D. of a point in the field of view of the telescope. 

Hence, if the level be turned about its centre till the 
pointer indicates the N.P.D. of a star, and the telescope 
turned so as to bring the bubble into the proper position, 
the telescope will have the star in its field of view. 

For the purpose of observing at night, one of the pivots 
of the axis is perforated ; by this meana iYkft \\^V. Qll^^a3sss;^ 
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it admitted and, being reflected at an annular mirror 
placed in the eentre of the axis, iUuminateg the field oi 

40. Apparent taotion qf a »tar inverted by the 
feleieope. 

The astronomical being an inverting telescope, the 
Image of a star will qipear to move across the field of Tiew 
in the iqtposite direction to that in which it ia seen to move 
with the naked eja Thns, if the telescope point to k star 
in the aoatb, the star will appear to move across the field 
of view from right to left. 

The direction in which a star is seen is the line joining 
the star's image with the optical centre of the object{:lasa. 
I( therefore, one of the wires, sa; the middle one, were so 
placed that the plane through it and the optical centre of 
the object-glass coincided with the meridian, the instant of 
the star's transit orer this wire woold be the instant of its 
transit across the meridian. As this could not be tone 
imless the instnunent were in perfect adjustment, which it 




ia impossible to secure, all that can be done is to place the 
wires so that this condition may be as nearly as posaible 
satisfied. *^ 
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41. Mean qfthe wires. 

In taking an observation of a star the precise time is 
noted of its transit over e(ich of the wires; and the mean of 
these times is found. By this means errors of observation 
at some wires will probably be partially balanced by op- 
posite errors at others, and the residual error will be 
divided by the number of the wires ; on which account the 
amount of error in the result is diminished considerably. 

The time so found will practically very nearly, but pro- 
bably not accurately, coincide with the time of transit over 
the middle wire: it will in fact be the time of transit over 
an imaginary wire very near the middle wire. This imagi- 
nary wire is called the mean of the wires. 

If this wire were in the meridian plane through the 
optical centre of the object-glass, the result would be the 
time of transit over the meridian. This is never accurately 
the case: but the deviation from the meridian can be 
found, and its effect on the time of any star's transit ap- 
plied as a correction. 

42. Ac^ustment of the wires. 

The 'vertical' wires of the telescope are adjusted by di- 
recting it to some distant terrestrial object. If one of these 
wires passes through the image of some well-defined point 
of this object, and, on turning the telescope about its axis, 
continues to pass through it, the wire is strictly perpen- 
dicular to the axis. If the wire moves away from the image 
of the point, the frame must be shifted, and the observa- 
tion repeated until the condition is satisfied. The vertical 
wires are made as accurately as possible parallel to each 
other, and the horizontal wires perpendicular to them : sa 
that if one of the vertical wires is accurately adjusted the 
whole set may be considered to be so. 

The 'horizontal' wire, being thus made parallel to the 
axis of rotation of the telescope, is affected with any error 
of direction which affects the axis. If the axis is accu- 
rately horizontal, the wire is accurately horizontal : if not, 
the horizontal wire is inclined to the horizon at an angle 
equal to the error of level (Art. 45) of the axis. 

43. Taking a transit. 

We shall now proceed to explain tii^ \ftQQ«^ ol Xa^c^xs^ 
a transit. 
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The observer, having set the telescope to the proper 
I^.P.D. by means of the attached circle, notices, shortly 
before the star is expected to cross the meridian, the hours, 
minutes, and seconds denoted by the clock; he then pro- 
ceeds to count the seconds as they are ticked by the clock 
until he sees the star arrive at the first wire ; this will 
generally be in an interval between two successive beats of 
the clock, so that a fraction of a second has elapsed since 
the last beat. To estimate this fraction the observer 
mentally compares the distances of the star from the wire 
at the consecutive seconds (say for example 14 and 15) 
inunediately before and after its transit over the wire, and 
taking those distances to be proportional to the intervals 
in time, writes down his result for the time of transit over 
the first wire; e.g. 14*7 seconds. He proceeds in the same 
way to estimate the times of transit over all the wires in 
succession. By adding these times and dividing by the 
number of wires, he obtains the time of transit over the 
mean of the wires, from which, by applying the correctiont^ 
the time of transit over the meridian is determined. 

44. Three corrections necessary. 

Before considering the above-mentioned corrections, it 
will be necessary to give the following definitions. 

DBF. The line qf sight is the straight line joinmg the 
optical centre of the object-glass with the intersection of 
the horizontal and mean vertical wires. 

DBF. The plane of collimation is the plane through 
the optical centre of the object-glass perpendicular to tie 
^xis of rotation of th^ telescope. 

I>J8»'. The line ctf cdlimation is the straight line join- 
r^ *^© optical centr^ ®^ *^® object-glass with the point of 
^t^ersection of the r»lan® ^^ collimation with the horizontal 

^Aree cort'^^ioni* *^® necessary, due to the impossibility 
«ati8fy^ tvith mathematical accuracy the three follow- 

•^ fh «?^rpend^ ^mlaiity of the axis of rotation of the 
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41. Mean qfthe wires. 

In taking an observation of a star the precise time is 
noted of its transit over each of the wires; and the mean of 
these times is found. By this means errors of observation 
at some wires will probably be partially balanced by op- 
posite errors at others, and the residual error will be 
divided by the number of the wires ; on which account the 
amount of error in the result is diminished considerably. 

The time so found will practically very nearly, but pro- 
bably not accurately, coincide with the time of transit over 
the middle wire: it will in fact be the time of transit over 
an imaginary wire very near the middle wire. This imagi- 
nary wire is called the mean of the wires. 

If this wire were in the meridian plane through the 
optical centre of the object-glass, the result would be the 
time of transit over the meridian. This is never accurately 
the case: but the deviation from the meridian can be 
found, and its effect on the time of any star's transit ap- 
plied as a correction. 

42. Aclfustment of the wires. 

The 'vertical' wires of the telescope are adjusted by di- 
recting it to some distant terrestrial object. If one of these 
wires passes through the image of some well-defined point 
of this object, and, on turning the telescope about its axis, 
continues to pass through it, the wire is strictly perpen- 
dicular to the axis. If the wire moves away from the image 
of the point, the frame must be shifted, and the observa- 
tion repeated until the condition is satisfied. The vertical 
wires are made as accurately as possible parallel to each 
other, and the horizontal wires perpendicular to them : sa 
that if one of the vertical wires is accurately adjusted the 
whole set may be considered to be so. 

The 'horizontal' wire, being thus made parallel to the 
axis of rotation of the telescope, is affected with any error 
of direction which affects the axis. If the axis is accu- 
rately horizontal, the wire is accurately horizontal : if not, 
the horizontal wire is inclined to the horizon at an angle 
equal to the error of level (Art. 45) of the axis. 

43. Taking a transit. 

We shall now proceed to explain tiie ^xoce^ ol X^i^i^^^ 
a transit. 
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wire with the middle vertical wire, and C with the plane 
of coUimation. 

Let now the axis of the telescope be reversed, so that 
the east pivot points west, and vice versd: then, if the 
radii of the pivots be accurately equal, the axis of rotation 
of the telescope is unaltered in direction, and the plane of 
oollimation which is perpendicular to it is also unaltered: 



m 



d\ 



D 



J 



jy 



iT 



it will therefore meet the horizontal wire at the same 
distance from m on the same side as before, i. e. at C, But 
all points of the instrument on either side of the plane will 
be brought to the same distance on the other side. Thus 
2> will, after the telescope is reversed, appear in the field 
of view at Z^; Ciy being equal to CI>, 

Now, before reversing the telescope, we measure the 
interval mD by moving the micrometer-wire from m till 
it coincides with the middle wire. The same is done after 
reversal. If the two readings are equal, D coincides with 
(7, and the middle wire is accurately in the plane of coUi- 
mation. If they differ, their difference is the micrometer- 
reading corresponding to Z)//, or twice CD, Half the 
difference of the two readings will therefore correspond 
to the interval between the middle wire and the plane of 
coUimation; and, if reduced to angle as in Art. 36, wiU 
give the error of coUimation. 

This supposes observations to be referred to the middle 
wire. If, as is usual, the mean of the wires be used, let 
it be represented by the dotted Une meeting the horizontal 



Instrvments. 



29 



'wire in d before, and d^ after, reversal ; it will be necessary 
then to find its interval from D and add that interval to 
CI> obtained as above. The interval Dd is easily found 
by taking the difference of the readings of the micrometei^ 
head, for the middle wire, and for the mean of the wires 
found as in Art. 41. 

The method of coUimating telescopes will be explained 
under the head of the Transit Circle, 

47. Spirit-level, 

(2) To detect and measure the error of level. 

This is done by means of a spirit-level. The ordinary 
form of the spiritrlevel as applied to the Transit Instru- 
ment is a glass tube nearly full of ether ; the tube is very 
nearly cylindrical, but bent in the form of an arc of a 
circle of large radius. 





This tube is supported and firmly fastened in a horizon- 
tal bed of metal, which leaves its upper surface (which is 
convex) uncovered. To each extremity of the metal bed 
is attached a vertical leg; the legs are of equal length, 
and each terminates in a kind of foot of the form repre- 
sented by C in the figure. The distance between the legs 
must be equal to the length of the axis of the instrument, 
so that the feet of the level may be made to stand on the 
pivots. Immediately above the bubble is fixed an ivory 
divided scale which is graduated from the middle point in 
both directions; the space between successive graduations 
being a portion of the circular arc into whlck \2ba Xsq^^s^ 
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bent, subtending an angle of V at its centre. The tube 
being not quite fiill of ether, there will be a small bubble 
of air, which will rise, in every position of the level, to the 
highest point of the tube. 

A level of this description is called a striding-levd. 
Near one end of the glass tube is attached a smaU IofoI 
whose axis is perpendicular to the plane of the striding- 
level: the object of tiiis additional level is to secure the 
verticality of the plane of the striding-level. 

48. Angular motion of the level in its ovm plane 
given by the mean qf the readings qf the ttoo ends qf the 
huhble. 

We shall now shew the effect on the position of the 
bubble of a tilt of the level in its own plane. 



Fig. 1. 



Fig. 2. 





Let A, ^ fig. 1 be the extremities of the bubble, the 
centre of the circular arc formed by the tube : suppose the 
tube to be shifted so that the points A, B of the tube come 
into the positions indicated in fig. % and let A'B be the 
position of the bubble after the shift : then if AB meet 
A'B' in Gy the angle AGA'Sa the angle through which the 
level has been shifted. But if the bubble occupies the 
same length in both cases AB=^AB\ and therefore the 
angles BAO^ B'AO are equal : hence the triangles -42)6^, 
ADO have the angles at A and A' equal, and also the 
angles at D equal: therefore the angle AQA is equal to 
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the angle AOA\ which is equal to the angle BOB. Thus 
the number of seconds indicated by the number of gradua- 
tions passed over by either end of the bubble is equal to 
the number of seconds through which the level has been 
turned. 

And this angle is clearly equal also to the angle indi- 
cated by the number of graduations passed over by the 
middle point of the bubble. Also^ if change of tempera- 
ture by expanding or contracting the ether has altered the 
size of the bubble, its middle point will not be altered 
in position thereby, for it will be still the highest point 
of the tube. Thus the motion of the middle point of the 
bubble will accurately measure the angular shift of the 
level, and will give a result unaffected by change of tem- 
perature. On this account both ends of the bubble are 
read, and the reading of the middle point inferred. 

49. Level-error determined. 

Suppose, now, that we wish to determine the level-error 
of a transit instrument. 

The level is made to stand with its two feet on the 
pivots of the axis, and its plane is made vertical by moving 
it round to such a position that the extremities of the 
bubble of the small level are equidistant from the middle 
point of its tube. 

Let i^,/be the angular points of the feet of the level. 



E 




so that the straight line Ff is parallel to the axis of rota- 
tion of the telescope, EW\ Tt the axis of the tube of the 
level, AB the position of the bubble, C its middle point. 
Suppose J^l^ to be inclined to the horizon, the west 
end being higher than the east, and let a vertical plane 
through EW meet the horizontal plane through £ ydl EX. 
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The graduations are read 2A, A and B, and their differ- 
ence is taken, which gives twice the distance by which G 
is west of the zero of the graduations. 

The level is now reversed, so that the foot which was 
east is placed on the west pivot, and vice versd : F and / 
have therefore changed places, and the centre of the 
bubble is still to the west of 0, and is therefore at a 
graduation of the tube between and T, The readings 
of the end of the bubble are taken again, and their differ- 
ence found, which gives twice the distance from of the 
centre of the bubble when the level is reversed. 

The sum of these two differences being found, gives twice 
the whole change of position of the centre of the bubble, 
in consequence of reversing the level. But, by what has 
been shewn (Art. 48), the number of graduations moved 
over by the centre of the bubble is equal to the number of 
seconds of angle through which the level has been shifted. 
Now, by the reversal, Ff has been brought just as much 
below a horizontal plane through /"as it was above it. The 
level has therefore been shifted through twice the inclina- 
tion of Ff to the horizon : i.e. through twice the angle 
WEXy or twice the level-error. 

The result, therefore, obtained by summing the differ- 
ence of the readings in the two cases is equal to four times 
the level-error, 

50. Essentials of a good spirit-level. 

It will be observed that it is essential to the success of 
this process that F and / should be exactly at equal dis- 
tances from the axis of the telescope, and consequently that 
the angles of the forks which constitute the feet of the 
level should be accurately equal. It is not essential that 
the axis Tt of the level should be accurately parallel to 
If, i. e. that the legs should be of exactly equal length ; 
but it must be in the vertical plane through the axis of 
rotation of the telescope. 

In practice several determinations are made by the 
above method, and the mean of the whole taken, by which 
means purely accidental error§ will almost disappear; for 
those which tend to make the result too large may be 
expected to be on the whole counterbalanced by those 
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which tend to diminidi it, and anj reeddual error will be 
divided by the number of obBerrationB taken. 

51. Sohnenberger'i {or eoUimating) eye-pieee. 

Harinfr determined either the error of collimation or 
the error of level by the preceding or any other method, 
the remaining error may be determined by a contriTance 
called the colUmating (or Bohoenberger's) ey&.[Hece. 

This is an eye-piece of three lenses, fitted into a tnbe 
which b perforated b) admit the light of a lamp ; between 
the middle lens and the field-lens ia placed, at an angle of 
45° with the optical axis of the eye-pieco, a translucent 
plane glass reflector. 

When an observation is to be taken with this eye-piece, 
it is substituted for the usnal eye-piece, and the telescope 
ia pointed Tertically downwards upon a troi^h of mercury. 
Near the hole in the tube of tie eye-piece is placed a lamp, 
whose light, incident horisontally on the mirror, is reflected 
vertically down upon the wires of the telescope. The 
telescope ia brou^t into snch a positjoa that the ii 




Ibe 'horizontal' vrire c<»ncides with the wire itself. The 
Ime of sight is then in a vertical plane through tha 
horizontfU wire ; hence, since the horizontal w\ro ia ^^-''la^ 
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to the axis of rotation (Art. 42), the line of sight and axis 
of rotation are in the same vertical plane. 

The central vertical wire is seen in the field of view 
illuminated by the lamp : and the reflection from the mer- 
cury ,of the under su^ce of the wires, shews tiie dark 
reflected ima^e of the central wire side by side with the 
wireJitself. 

^^ #Let now E W(jn the plane of the paper) be aline parallel 
'^'*'to the axis of rotation, through the optical centre of the 
object-glass, OiValso in the plane of the paper the vertical 
through 0, 0(7 the line of sight meeting tiie mercury in (7; 
then OC, by what precedes, is in the vertical plane tiiroug^ 
EW, i.e. in the plane of the paper; and thus the reflected 
direction C/C is also in this plane. 

Let OD be the projection of 0(7 on a plane perpendicu- 
lar to J? ^ or the plane of collimation ; tiius OD is in the 
plane containing OC and EW, which is the plane of the 
paper. 

Draw ew in this plane perpendicular to ON; then etr is 
the projection oi EW on b, horizontal plane through O. 
Thus, lNOD = L eOE = the error of level; also L COD= 
error of collimation of the middle wire. 

Hence i. CON = error of level + error of collimation. 

It has been supposed here that the west end of the axis 
is the higher end, and that the plane of collimation meets 
the horizontal wire to the l^t of the central wire. In 
other cases, the l CON may be the difference, instead of 
the sum of the errors. It is easily seen, by inspection of 
the figure in each case, whether it is the sum or difference. 

The frame containing the wires of the transit instrument 
is moveable in its own plane by a micrometer-head attached 
to it This micrometer-head is tmned until OC coincides 
with its reflected direction, i.e. till OC coincides with ON, 
and the reading taken: in practice the mean of the 
readings is taken for the positions in which the wire and 
its image touch, first on one side and then on the other. 

The number of turns of the micrometer and the reading 
indicated by the pointer will therefore determine the num- 
ber of seconds in the L CON, i.e. in the sum of the errors of 
collimation and level Hence, having determined one of 
these errors by some other means, Bohnenberger*s eye- 
piece enables us to find the othen If the error of oollima- 
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tion be given, it mnst first be corrected for the interval 
between the mean of the wires and the middle wire ; and if 
the error of level be given, the error of <$ollimation deduced 
by this method must be so corrected. 

52. Coincidence of the horizontal wire with its image 
not necessary in practice. 

By the rotation of the telescope about EW, OC de- 
scribes a right circular cone with EW bs axis^ The incli- 
nation of OC to the vertical will therefore increase as the 
telescope moves in either direction; and the inclination of 
00 to the vertical when 00 is i& the plane WON is a 
minimum. The angle OOF will therefore vary very 
slight^ for a small motion of the telescope. The distance 
of the central wire from its image, when the telescope is 
pointed vertically downwards on the mercury, will therefore 
not vary perceptibly for a small motion of the telescope 
about E W, Thus it is unnecessary practically to make the 
horizontal wire exactly coincide with its image ; and if this 
wire and its image are in the field of view together, the 
above method gives accurately twice the angle CON, 

53. Azimidhal error, or error of deviation^ deter- 
mined. 

(3) To detect and measure the azimuthal error, or 
error of deviation. 

This may be done in a variety of ways. 

Z 




The principle of the various methods may be thus ex- 
plained. Let Z be the zenith of the place of observation; 
P the north pole. The meridian ZP biae«,U \3cl^ ^xxtm^ 
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paths of all the stars (Art. 17). Any other yertical plane 
divides all the diurnal circles, with the exception of that of 
stars in the equator, into unequal x^arts ; for it meets the 
axis of the heavens in one point only, which is the centre of 
the celestial sphere and therefore of the diurnal circles of 
stars in the equator: it cuts the planes of all other diurnal 
circles in lines not passing through their centres, and di- 
vides their circumferences into unequal arcs. The arcs 
being unequal, the times of describing them are unequal. 

Now, supposing the azimuthal error alone to exist, the 
h'ne of sight of the transit instrument describes a great 
circle passing through the zenith, which circle does not 
accurately coincide with the meridian. Let Zs be the 
circle, the deviation being in this case towards the west; 
then from what has been said, the times of describing the 
two parts into which the path of any star is divided by the 
plane Zs are unequal ; the whole path is described in 24 
hours ; the two parts are therefore described one in less 
and the other in more than 12 hours. 

If, then, the times of transit of any circumpolar star 
(i.e. one whose whole path is above the horizon) be ob- 
served at consecutive superior and inferior transits, as at j^ 
and 8 in the figure, the amount by which the interval 
between the two transits differs from 12 hours will depend 
(for the same star) on the angle which Zs, the plane of col- 
limation of the telescope, makes with the meridian, i.^. on 
the azimuthal error. By suitable formulae, given the N.P.D. 
of the star and the interval between its transits, the azi- 
muthal error may be determined. 

64. Stars near the pole to be pr^erred. 

It has been remarked that the diurnal circles of stars 
in the equator are bisected by Zs : the method is therefore 
inapplicable to such stars. And the farther a star is from 
the equator the more does the interval between the superior 
and inferior transits differ from 12 hours; and thus any 
error in the assigned interval will bear a less proportion to 
this difference, and therefore have less influence on the 
result, the farther the star is from the equator. Hence it 
is desirable to observe a star near the pole : the most con- 
venient is Polaris, whose N.P.D is about 1^^, and which has 
also the advantage of being visible through the telescope in 
the daj-time. 
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55. Another method. 

It is clear that, if the Transit Clock were accurate, 
or if we knew its error and rate, we might from one transit 
alone of Polaris determine the azimuthal error. For the 
Nautical Almanac gives its K A. ; and this, expressed in 
degrees and fractions of a degree, and divided by 15, gives 
the time in hours of its superior transit (Art. 33). The 
preceding method, however, has the advantage of being 
independent of the clock-error and of the B. A. of the star, 
or of the position of the first point of Aries. 

Another method of determining the azimuthal error is 
by observing the times of transit of two stars ; the differ- 
ence of their B.Au3 gives the difference of the times of 
transit over the meridian: the amount by which this differs 
from the observed interval is due to the azimuthal error, 
which may be calculated from it 

56. Personal eqtMUion. 

Besides the instrumental errors there is another affect- 
ing all observations of transits, called Personal Equation. 
This error arises from the fact that different observers vary 
in the degree of rapidity with which they connect the 
sound of the clock with the place of the star in the field of 
view at the instant at which the beat of the clock indicating 
the second is heard. This difference, of course, is very 
small in general; and in the average of a considerable 
number of observations it is for the same person pretty 
constant When two observations of transits are recorded 
it is necessary to know what this difference is, in order that 
they may all be referred to some one standard. It is usual 
to refer the observations of all the staff of an Observatory 
to that of one of them. The average difference in the time 
of a star's transit over a wire as recorded by this observer 
and any other is called the Personal Equation of the latter. 

57. Clock-error determined. 

It has been said (Art 32), that the dock should indicate 
0^, 0* 0* at the moment of the passage of the first point of 
Aries across the meridian ; and that the time of transit of 
any star across the meridian as shewn by the clock should 
give, when converted into angle at the rate of 15® to an 
hour, the B. A. of the star. 

As it is impossible that the clock should for any leiv^tk 
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of time be without error and rate, it is necessary to deter- 
mine what these are, from time to time. For this purpose 
certain stars are observed, called dock-stars, whose R.A.9 
are known from the Nautic^ Almanac ; the time of transit 
of any one of these stars will differ on any given day from 
that cateukted from its R.A. This difference, corrected 
for the personal equation of the observer, gives the clock- 
error, as determined by this star. The mean of the clock- 
errors as found by observations of several stars is assumed 
as the actual clock-error. 

The difference of clock-errors as determined on two 
successive days will give the rate of the clock. 

58. Galvanic {or chronographic) method of observing 
transits. 

In some observatories a method is adopted which ren- 
ders it unnecessary for the observer to notice the position 
of the star at the commencement or end of a second. This 
is called the galvanic (or chronographic) method of ob- 
serving transits. 

A sidereal clock is fitted with an apparatus by which it 
causes a cylindrical brass barrel to revolve oil its own axis, 
which is horizontal, in two minutes of time, while a frame 
moves parallel to its axis at the rate of ^^th of an inch to 
every revolution of the barrel. The motion of the clock is 
governed by a conical pendulum, which enables it to move 
uniformly without jerks, so that the barrel and the frame 
have each a x>erfectly uniform motion. The barrel is 
covered with a sheet of paper. To the frame are attached 
two magnets; near each magnet is a lever, which, when 
attracted by the magnet, causes a pricking point to descend 
and puncture the paper which envelopes the cylinder. 
One of these magnets is connected, by wires passing 
through a galvanic battery, with the clock, which com- 
pletes the circuit at every second of time. By this means 
the commencement of each second is marked on the barrel 
by a puncture; the punctures so made being at equal 
distances along a spiral. 

The wires of a galvanic battery connected with the 
other magnet pass through the transit-telescope. At the 
instant of the passage of a star across any wire, the ob- 
server touches a key, by which means the circuit is com- 



Insfruments. 



39 



pleted and the pricker punctures the paper on the barrel; 
By observing the position of the puncture thus made with 
reference to those made by the other pricker, the second 
and fraction of a second at the instant of transit are easily 
obtained. 

In this method of taking transits, the personal equation 
is much less than in the other, and depends solely on the 
observation by the eye of the instant of passage of the star 
over each vertical wire. 

59. Beading Microscope. 

Before describing the Mural Circle it will be necessary 
to exi^ain the construction and use of the Beading Mi- 
croscope. 

The object of the Beading Microscope is to magnify the 
intervals between the divisions on the graduated limb of 
an instrument. 

It consists of three lepses, of which one is the object- 
glass and the other two form the eye-piece; the object- 
glass is capable of acyustment by being screwed up towards 
the eye-piece or away from it. In the focus of the eye-piece 
is placed a spider-line micrometer; this micrometer con- 




sists of a frame carrying an acute cross formed of two 
spider-lines, moveable across the field of view of th.^ 
microscope by turning a micrometer-YieaA «XXa*3si^^ ^a "^^^ 



40 Astronomy. 

microscope. The middle of the field of view is marked in 
the figure by a line AB, parallel to the graduations of the 
instrument. The microscope is so placed that a part of the 
graduated limb is refracted by the object-glass to the focus 
of the eye-piece. In the figure, let Dd, Ee be successiTe 
graduations as seen by the microscope, one on each side of 
AB, And suppose the graduations on the rim to increase 
from lefb to right; then, since the microscope inverts, the 
graduations as seen in its field of view increase from right 
to left, or from Dd in direction DE, The micrometer- 
screw is turned so as to place (7, the intersection of the 
cross accurately on AB ; the micrometer-reading is taken 
for this position. The cross is then moved till C comes on 
Dd, and the reading taken again. The difference of the 
readings determines the interval between AB and Dd, 

The micrometer-head is divided into 100 equal parts: 
and the pitch of the screw is such that five revolutions of 
the head will move the intersection of the cross-wires from 
coincidence with one graduation to coincidence with the 
next, supposing the part of the rim which is under to be at 
exactly the required distance from the object-lens of the 
microscope. One revolution of the screw will therefore 
indicate 1' on the rim. 



60. Arrangement of the micrometer. 

In practice, the micrometer screw-head is so arranged 
that when the pointer indicates zero the intersection of the 
cross-wires is at the middle of the field of view, and the 
reading of the head increases as the cross- wires are moved 
towards Dd^ thus the reading at Dd alone gives the 
distance of Dd from AB. The intersection of the cross- 
wires, whenever the pointer indicates zero, is directly 
under a notch cut in a plate fixed in the field of view of 
the microscope. There are therefore five notches for 
every interval of 6' on the rim of the circle; above the 
notch at the middle of the field of view is a hole which 
indicates the position of AB. Thus the entire minutes 
are given by the number of notches between the cross- 
wires and the hole, and the fractions are given by the 
reading of the screw-head. 
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61. The Mural CircU. 

"Hie Mural Circle consists of a metallic circlo firmlj 
conseoted by conical radii, with a horizontal conical axis 
concentric with the circle. This axis is supported by a 
stone pier in whicb it is inserted, the plane of the circle 
being parallel to, and almost touching, the face of tiie pier, 
jrbich coincides very nearly with the meridian. 




For the purpose of making the axis horizontal and of 
adjusting the circle accurately into the plane of the me- 
ridian, there are two screws attached to tho pier, which 
can giro respectively a Tertical and horizontal motion to 
the axis. 
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The object of the circle is to find the ssenith-distances 
or N.P.D.S of stars at the instant of crossing the meridian. 
The rim is graduated very accurately from 0® to 360^, the 
intervals between successive graduations being 5', so that 
12 of them make up 1^ ; the graduations are perpeiidieular 
to the plane of the circle. 

A telescope is attached to the circle in such a manner 
that its line of sight is parallel to the plane of the circle. 

When the telescope is directed to the zenith and then 
turned towards the north point of the horizon the readings 
under each microscope increase. 

At the focus of the telescope are fixed 5 or 7 vertical 
wires and one horizontal wire, besides a micrometer hori- 
zontal wire moveable in altitude. The micrometer-head 
is divided into 100 equal parts. The telescope is firmly 
clamped to the circle, so that it is carried round with the 
circle in the plane of the meridian. The position of the 
line of collimation of the telescope with respect to the 
zero point of the graduations of the circle is immaterial. 
A pointer is attached to the pier in such a position that 
it indicates on the rim the number of degrees and the 
nearest five minutes of the N.P.D. of a star which is in the 
field of view and bisected by the fixed horizontal wire. 

62. Arrangement of the reading-microscopes. 
Six reading-microscopes are firmly attached to the stone 
pier, all looking directly on to the divided rim of the circle. 
They are at equal distances from each other, and consist 
of three pairs, the microscopes of each pair being diame- 
trically opposite each other, so as to have a common line of 
sight as nearly as possible passing through the centre of 
rotation of the circle, in order that every point of the rim 
as it is brought under the object-glass of each microscope 
may be as nearly as possible at the same distance from it. 

. 63. Imperfect centering corrected. 

By this arrangement of the microscopes in pairs, and by 
taking the mean of all their readings, any error arising from 
imperfect centering, i.e. from the non-coincidence of the 
centre of the rim with the centre of rotation, is eliminated. 
For, let Mm be the line of sight of any one of the pairs. 
C the centre of the graduated rim, O the centre of 
rotation. 



A. 
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Then CO produced meets the rim in a fixed point 




Let X be the zero point of the graduations. 

Draw CD perpendicukr to Mniy meeting the rim in E, 

Then, the mean of the readings given by the pair 
of microscojpes is — supposing the circle to be graduat- 
ed from X in direction XAmr-^i (LXCm + lXCM) 
^^lXCE- LEGm-^ lXCE^ lECM)^ lXCE, Now, 
suppose the drcie to be turned about through any angle, 
then every line fixed in the plane of the circle turns through 
this angle: thus OG and XGivan through the same ; also 
CE is fixed in space, because Mm is. Hence tho change 
in the LXCE is equal to the angle through which the 
line OC has revolved, or to the angle through which the 
circle has rotated. 

Thus, the difference of the means of the readings of all 
the pairs of microscopes for two positions of the circle 
gives accurately the angle through which the circle has 
been turned between those positions; or, which is the same 
thing, the angle between the two positions of the line of 
sight of the telescopa 

64. Mural circle adjusted. 

Although the plane of collimation of the circle-telescope 
should be pretty accurately in the meridian, yet this is 
not of so much importance as in the case of the transit 
instrument For at the instant of crossing the lOL^^Tv^assk 
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the star is moving horizontally ; its altitude, or its meridian 
zenith-distance, will therefore vary very slightly from the 
zenith-distance in any plane nearly coinciding with the 
meridian. The adjustments are performed by comparing 
simultaneous observations made with the circle-telescope 
and a transit instrument. 

The axis of the circle is made horhsontal by moving the 
screw which gives the vertical motion to the axis, until a 
star near the zenith passes the middle wire of the circle- 
telescope at the same time as it passes that of the transit 
instrument. It is made perpendicular to the meridian 
by moving the other screw until a star near the horizon 
transits the wires of the two instruments simultaneously. 

65. Value qf a revolution of the micrometer deter^ 
mined hy observation qf tJie Sun. 

By turning the micrometer-screw of the telescope 
through one revolution, we change the position of the 
horizontal moveable wire, and thereby the position of the 
point in which it intersects the middle vertical wire. In 
order to estimate the value of a revolution of the micro- 
meter, it is necessary to know what angle is subtended by 
two such points at the optical centre of the object-glass. 
This may be done by observation of the Sun : as soon as 
the Sun enters the field of view, the telescope is placed so 
that the fixed horizontal wire just touches the Sun's disc at 
its lowest point. The micrometer-wire is then brought, by 
turning the screw, into the position in which it just touches 
the Sun's disc at its highest point After this has been 
done, the reading of the micrometer-head is taken; the 
difference of the readings for this position of the micro- 
meter-wire and for coincidence with the fixed horizontal 
wire corresponds to the angle subtended at the object- 
glass by a diameter of the Sun*s image, i. e. to the angular 
diameter of the Sun. And since this is given in the 
Nautical Almanac for noon on every day in the year, the 
number of revolutions and parts of a revolution coire* 
spending to a given angle is known : from this the angle 
corresponding to one revolution is easily found. 

QQ, By two known stars. 

Another method is to take for two known stars similar 
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observations to those described above for the two limbs of 
the Sun. It may happen that the field of view is too small 
to admit the entire image of the Sun, in which case we 
must find two stars whose R.A.S are nearly equal, and 
whose difference of N.P.D. is small enough, and adopt this 
second method. 

We now proceed to explain how observations are taken 
with the Mund Circle. 

67. Relation between Zenith-point and Nadir-point. 

The object of an observation of a star with this instru- 
ment is to find the zenith-distance of the star; and this 
will be given (Art. 63) by the difference between the 
circle-readings for the zenith and the star. It is necessary 
therefore, first of all, to know the circle-reading for the 
zenith : when this is known, by subtracting it from that for 
the star we obtain the zenith-distance of the star. 

If the telescope could be placed so that the plane 
through the optical centre of the object-glass and the 
fixed horizontal wire were accurately vertical, the circle- 
reading would be that of the zenith-point if the object-glass 
were uppermost^ and of the nadir-point if the eye-piece 
were so. 

Now, the divisions under any microscope increase 
as the telescope, when pointing to the zenith, is turned 
through the North Pole (Art. 61) to the nadir. Hence, 
the Zenith-point will be foimd from the Nadir-point by 
subtracting from its reading 180^ 

68. Nadir-point determined. 

By the following method the Nadir-point is readily 
founcL A trough of mercury is situated immediately 
under the centre of the axis of the instrument. A Bohn. 
enberger's eye-piece (Art. 61) having been substituted for 
the usual eye-piece, the object-glass of the telescope is 
directed towards the mercury^ and moved until the re- 
flexion of the spider-lines is seen in the field of view. It 
is then by a tangent screw — a contrivance by which a very 
slight angular motion can be given to the instrument — 
moved until the reflexion of the fixed horizontal wire co- 
incides with the wire itself. When this is the case, the 
^ne through the wire and the centre of the object-glass 
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is vertical It remains then simply to read the degrees 
and 5-minute spaces by the pointer, and add the mean of 
the readings of the micrometers for the divisions of the 
limb immediately preceding the middle notch in the 
field of view of the microscopes (Art. 60). 

69. Micrometer readings. 

Each microscope gives as its reading some number 
of minutes less than 5, being the number of complete revolu- 
tions of the micrometer, together with (since the micro- 
meter-head is divided into 100 parts) two decimal places 
by the number of divisions on the head indicated by the 
pointer attached to the micrometer: a third decimal 
place is obtained by estimating in lOths of a division the 
interval which this pointer indicates from the nearest pre- 
ceding division. 

In taking the mean of the micrometer readings, it is 
convenient to take the mean of the integral minutes 
separately, and add them to the mean of the fractional 
parts. 

For the fractional parts have to be added, their sum di- 
vided by 6, and then multiplied by 60 to get the seconds. 
This amounts to simply adding, and in the sum shifting the 
decimal place; the result of this part of the reading is thus 
expressed at once in seconds and tenths of a second. 

70. Zenith distance cfa star determined. 
Having thus obtained the reading for the Nadir- 
point, we have, by subtracting 180®, the reading for the 
Zenith-point. 

To find the Zenith-distance of any star, the telescope is 
set by the pointer approximately to its N.P.D., so as to 
bring it into the field of view. By the tangent-screw the 
horizontal fixed wire is made to bisect the star. The 
microscopes are then read, and the rest of the operation is 
precisely the same as for finding the Nadir-point The 
reading for the Zenith, obtained by subtracting 180® from 
that for the Nadir, is subtracted from the reading for the 
star, and the result is the Zenith-distance of the star. 

71. Horizontal-point determined. 

Sometimes, instead of the Nadir-point, the horizontal 
point is fotmd. This is done by two observations of a star, 
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one of them directly, and the other after reflexion from 
the mercury. The line of collimation is at the same angle 
above or below the horizon according as the star or the 
star's reflexion is observed. The semi-sum of the readings 
will therefore be the reading when the line of collimation 
is horizontal. 

72. Effect qf temperature on the image of the rim. 

It has been assumed in what has preceded, that 5 revo- 
lutions of the micrometer-head exactly move the inter- 
section] of the cross-wires over one 6-minute space of the 
rim. This is not the case, however, even if the micro- 
meter-screws are made with perfect accuracy ; for changes 
of temperature, by expanding and contracting the circle, 
affect the readings of the microscope, as we proceed to shew. 

Let EQ be the optical axis of one of the microscopes, 




E' E Y^ 

meeting the rim of the circle in Q, E the optical centre of 
the inner eye-lens, of the object-lens, and q the principal 
focus of the eye-piece. 

Suppose, now, that the microscope has been accurately 
adjusted, so that q coincided with the image of Q formed 
by the object-lens. Again, r suppose by an increase of 
temperature the rim to expand and Q to be brought 
nearer to O, Since is a convex lens, the geometrical 
foci move in the tarns direction. Hence as Q moves 
nearer to O, its image moves farther ofl^ or nearer to E, 
and is no longer at the principal focus of the eye-piece, 
and is, therefore, not in a position for distinct vision. 

In order to make the rim distinctly visible, the eye- 
glass of the microscope is shifted so that the image of the 
rim may be in its focus. 

73. JRun of the microscope; effect of temperature on 
the runs. 

Suppose the rim to have expanded by an increase of 
temperature, so that <^ is the new position of the point Q 
of the rim, and ^ of its image i^ter refraction tVu^ov^!^ 
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the object-glass ; then ^ is nearer to E than q was: E will 
therefore have to be moved to E', making EE = q^, I^ now, 




QR, the interval between Q and the next division on the rim, 
be, by the expansion of the rim, brought to QfR\ the angle 
QOR is increased ; hence the image ^r' of Q!R' subtends 
a greater angle at O than the image of QR\ and it is at a 
greater distance from O; it is therefore increased. 

The number of revolutions, and parts of a revolution, 
corresponding to a five-minute space on the rim is called 
the run of the microscope. 

Thus, expansion of the rim increases the runs of the 
microscopes; and, similarly, contraction of the rim dimi- 
nishes them. 

74. Error qf runs determined. 

Since the runs are liable to variation, it is necessary from 
time to time to determine the error of runs. The mode 
of doing this is, to add the nms given by all the micro- 
scopes, take their mean, and subtract the result from 5^ 
Having done this, we can, by a proportion, find the correc- 
tion for runs to be applied to any number of minutes or se- 
conds given by the microscopes. The mean of the cor- 
rected readings of all the microscopes is the true reading 
of the circle free from error of runs. 

75. Mean qf the readings qf the microscopes unaffected 
hy the ^ect qf imperfect centering on the runs. 

In Art. 63, it was assumed that the microscopes, whose 
common line of collimation points to M and m, give the 
correct readings in all positions of the circle. This will be 
the case if M and m are each precisely at the right dis- 
tance from the object-lens. If not, the reading of each is 
affected with an error of runs. We shall assume that the 
microscopes at M and m have been read in a certain posi- 
tion of the circle, in which either they have no error of 
runs, or this error has been found for each and the oor- 
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rected readings of the microscopes taken as the true read- 
ings. If the circle be now turned about O through any 
angle, the new position of the circle will cut Mm. in two 
points, which will not in general coincide with ilf and m. 
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Now the circle may be conceived to be put into its new 
position by moving it, first parallel to 3fm, so as to bring 
its centre on to a line through its new position per- 
pendicular to Mm, then perpendicular to Mm till the 
centre coincides with its new position : the rim of the circle 
is thus made to coincide with its new position, and must 
be turned through an angle about its centre C to bring 
each point of it into the position into which it is brought by 
the rotation about 0. 

The first of these three motions moves M and m in the 
same direction along Mm through equal small spaces. 
The reading of one microscope will therefore be as much 
increased as that of the other is diminished, and the 
mean imaltered. The second motion, since the circle is 
very nearly perpendicular to Mm. at M and m, does not 
sensibly alter the positions of the points in which the 
circle cuts Mm., And the third motion clearly does not 
affect these points. Thus the rotation about O produces 
no error of runs in the mean of the microscope readings* 

76. The Transit Circle. 

The Transit Circle consists of a* Transit Intatoosi'^^^ 
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perpendicular to the axis of which is rigidly attached, near 
one end of the axis, a Circle supported by and rotating 
about the axis of the Transit Instrument. By this com- 
bination the B.A. and N.P.D. of a star may both be found 
by observations made by the same observer. 

The Circle is usually graduated, not on its rim, as is the 
case of the Mural Circle, but in the plane of the circle ; the 
graduations are made on a ring of metal contiguous to the 
rim, and point towards the centre of the circle. The micro- 
scopes, arranged in pairs as for the Mural Circle, are 
attached to one of the piers, and have their axes perpen- 
dicular to the graduated ring. Parallel to the Circle 
whose graduations are read by the microscopes, and simi- 
larly situated at the other end of the axis, is another 
graduated circle, also revolving with the instrument, and 
read, for the purpose of setting it approximately to a given 
N.P.D., by a microscope or a vernier attached to the other 
pier. 

The graduations being in the plane of the Circle, it is 
easy to see that any small expansion or contraction of the 
circle will very slightly affect their distance from the ob- 
ject-lenses of the microscopes. The consequence is, that 
the error of runs is in this case very small. 

The errors of adjustment of the Transit Circle are of 
course the same as for the Transit Instrument. In the case 
of the Transit Circle, however, it is not expedient, nor 
always possible, to reverse the axis; nor is it adapted for 
the application of a spirit-level. 

We are therefore unable to determine the error of 
coUimation by collimating marks, and the error of level by 
the spirit-level. 

77. Error of coUimation by collimating telescopes. 

For the purpose of determining the error of coUimation 
the following process is employed. 

Two small telescopes are placed on piers north and 
south of the Circle, with their optical axes horizontal and 
in the same straight line: this line being nearly in the 
plane of coUimation of the Circle-telescope and passing 
nearly through the centre of rotation of the Transit Circle; 
they are caUed coUimating-telescopes, or collimators. 
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Their object-glasses are turned towards each other, and 
therefore towards the instrament. At the principal focus 
of each of them is a system of wires forming a square, two 
of the sides of which are nearly vertical, and the other two 
nearly horizontal. The nearly yertical wires are inclined 
to the yertical at about the same angle in each telescope 
and on opposite sides of the yertical. 

The error of collimation of the Circle-telescope is deter- 
mined by the collimators in the following manner. 

78. Setting the 
collimators. 

The tube' of the 
drcle-telescope being 
placed horizontal, the 
Circle is raised, to al- 
low the field of yiew 
of each collimator to 
be seen in the field of 
view of the' other. 

The system of wires 
in one of the collima- 
tors is capable of mo- 
tion by a micrometer 
in a horizontal direc- 
tion: one of the near- 
ly yertical sides of its 
square may by this 
means be placed so as 
to bisect the image of 
one of the sides of the 
square of the other, — 
as at the point C in 
the figure. This can 
be done with great ac- 
curacy, for it is clear 
that a yery snuill mo- 
tion of either wire makes a perceptible difference in 
the ratios of the right-angled triangles which haye a 
common angular point at C. The reading of the micro- 
meter which giyes the horizontal motion is then taken. 
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This operation is repeated several times, and the mean of 
the readings taken as the true reading. The micrometer- 
head is then turned to this reading. In the position in 
which the wires have been thus placed, the line of sight of 
the middle point of the vertical wire is the same straight 
line in each collimator. 
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79. Beading /or coUimation determined. 

The circle having been now replaced, the object- 
glass of its telescope is turned towards the north colli- 
mator. The wire-frame is moved by j,^ 
the micrometer-screw, till the middle 
wire bisects the nearly vertical wire of 
the collimator. The micrometer-reading 
is then taken. The telescope is next 
turned to the south collimator, and its 
vertical wire bisected. The micrometer 
is again read. The mean of the two 
readings will give the reading for the line 
of coUimation. 

For, let NS be a line through 0, 
Vne optical centre of the circle- telescope, 
parallel to the common line of sight of the 
collimators ; ab the line of coUimation of 
the circle-telescope. Then ON is the line 
of sight at the first reading; and if we 
make l N'Ob equal to L NOa, ON' is 
the position of ON when the telescope is 
turned round for the second reading. Since 
L NOb = L NOa = L SOb, the mean of 
the readings for ON (or ON) and OS is 
the reading for Ob^ i.e. for the line of 
coUimation. 

80. Error of level by Bohnenber- 
ger's eye-piece. -^ 

The error of coUimation having been found as above, 
the error of level can be determined by Bohnenberger's 
eye-piece, the description and use of which we have already 
given (Art, 01). 
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81; Moveable horizontal wire; value qf the readingM 
t^ite micrometer-screw determined. 

The valae of a reading of the micromeier^screw at- 
tached to the moveable horizontal wire at the eye-end 
of the telescope is found by means of one of the colli- 
mators in the following manner. The head of the screw 
is placed at a given reading; e.g. at the zero of the 
graduations. The telescope is then directed to one of 
the collimators — say the north — ^and* moved till the image 
of the horizontal wire passes through any one of the points 
of intersection of the wires of the collimator. 

The microscopes are then read, and the mean of the 
readings taken. 

The micrometer-screw is then turned through any 
angle and the reading of the head taken. The telescope 
is then moved by the tangent-screw till the horizontid 
wire is made by the motion of the telescope to paiw 
through the same point of the coUimator-wires as befora 
The microscopes are read again. The difference between 
the means of the microscope-readings for the two positions 
x)f the telescope is the angular value of the interval be- 
tween the two positions of the horizontal wire, the micro- 
meter-reading for which has been taken: from this the 
angular value of a revolution of the screw can be easily 
calculated. 

82. Observing the Sun, Moon, or a planet. 

If the Sun be the object observed, the telescope is 
placed so that the fixed horizontal wire just touches the 
upper limb of the Sun, and the telescope being kept in 
that position, the moveable horizontal wire is placed just 
in contact with the lower limb. Half the difference of the 
readings of the micrometer gives the angular radius of the 
Sun. The mean of the microscope-readings gives the 
N.P.D. of the upper limb. And the sum of these two 
results is the N.P.D.of the Sun's centre. 

The time of transit of the Sun's centre over each of 
the vertical wires is the mean of the times of first and 
last contact of the disc with the wire. 

In the case of the Moon or a planet, the illuminated 
limb alone can be observed, either for N.P.D. or foj^ 
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transit. The N.P.D. and time of transit of the centre can 
be calculated from this by applying corrections depending 
on the angular diameter and an approximate N.P.D. of 
the centre. 

83. 77ie altitude and azimuth instrument. 
This instrument, also called the altazimuth, is useful 
where observations are required of an object at times 
when it is not on the meridian. It may be used to observe 
an object in any position; so that observations can be 
taken with it very much more frequently than with instru- 
ments in the plane of the meridian. 

It consists of a graduated vertical circle, to which is 
rigidly attached a telescope; the axis of rotation of the 

telescope is horizontal and 
passes through the centre 
of the circle, and termi- 
nates in pivots supported 
by Y's; the telescope is 
thus capable of revolving 
together with its attached 
circle in a vertical plane. 
The Y*s of the telescope 
are attached to a frame, 
which is capable of revolv- 
ing about the vertical dia- 
meter of the circle. 

Theinstrument is placed 
upon a stone pillar on 
which is firmly fastened 
a horizontal graduated 
circle whose centre is on 
the vertical diameter of the 
vertical circle. 

To the outer surface of 
the revolving frame are at- 
tached four vertical read- 
ing microscopes by which 
the horizontal circle is 
read, and four horizontal microscopes to read the vertical 
cirda The diameters of the circles are a little greater 
than that of the frame, so that their graduations — ^whidi 
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are in the plane of each circle — can be read by the micro- 
scopes. 

At the principal focus of the telescope is fixed a frame 
carrying six vertical and six horizontal wires. 

In the figure, the instrument is seen projected on a 
plane parallel to the plane of the vertical circle. 

84 Observations with Altazimuth. Adjustments. 

We are able with this instrument to take observations 
of two kinds; either we may determine by the sidereal 
clock the sidereal time of transit over the mean of the 
vertical wires, and read the horizontal circle, by which 
means we obtain the azimuth and sidereal time when a 
star crosses the mean of the vertical wires: or we may de- 
termine the sidereal time of transit over the mean of the 
horizontal wires, and read the vertical circle, by which we 
obtain the altitude of the star and the sidereal time when 
it crosses the mean of the horizontal wires. 

The inclination of the horizontal axis to the horizon is 
ascertained by a spirit-level placed with its feet on this 
axis, as in the Transit Instrument. 

The inclination to the vertical of the vertical axis is 
found by attaching a spirit-level to the frame and revolv- 
ing the frame through 180^ By the motion of the bubble 
in the level the inclination of the vertical axis can be de- 
termined. 

86. The Equatorial. 

The general principle of this instrument is the same as 
that of the altazimuth, the chief difference being that the 
axis which is vertical in the altazimuth is placed in the 
direction of the Earth's polar axis in the Equatorial ; it is 
called the polar axis or hour-axis. The horizontal circle 
thus becomes a circle parallel to the equator. This circle 
is called in the equatorial the hour-circle; the circle which 
corresponds to the vertical circle of the altazimuth is 
called the declination-circle; and the axis about which 
this circle revolves corresponds to the honzontal axis, and 
is called the declination-axis. If the instrument be turned 
about the polar axis through any angle, the line of colli->- 
mation of the telescope will maintain the same inclination 
to the polar axis throughout the motion, and will therefore 
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describe a portion of a small circle in fhe heavens about 
the pole. If, therefore, the circle be turned in the same 
direction as the diurnal motion of the stars, uniformly and 
at such a rate as to complete a revolution in one sidereal 
day, and the telescope be placed so as to have initially a 
given star in its field of view, that star will remain in the 
field of view. In this consists the peculiar advantage of 
the Equatorial; the motion, above described, of the hour- 
cu*clo can be secured by appropriate machinery worked 
by clock-work ; the observer is thus able, without moving 
the instrument himself, to take any number of observation!^ 
of a heavenly body in the course of a night 

The hour-circle is graduated to read the angle describ- 
ed about the polar axis by the declination-circle which 
passes through the line of collimation of the telescope, and 
the declination- circle is graduated to read the north polar 
distance of any star in the centre of the field of view. 

The hour-circle is usually divided into hours, minutes, 
and seconds, instead of degrees, minutes, and seconds : 24 
hours corresponding to 360°, or 1 hour to 15 degrees. 
Both the circles are capable of motion about axes perpen- 
dicular to them, and are read by fixed microscopes or 
verniers. 

At the principal focus of the telescope is fixed a frame 
containing a system of wires parallel to the declination- 
circle, and two wires perpendicular to these, or parallel to 
the hour-circle: the latter wires are moveable by a micro- 
meter with two heads, each head moving one of the wires. 

86. TlBes cf the Equatorial, Differential dbservationi. 

The Equatorial is used for objects for which it is neces- 
sary to have a great number of observations in a given 
time. For instance, in order to determine correctly the 
path of a comet it is necessary to take a great number of 
observations of it while it is in sight. The Equatorial 
supplies a means of doing this. 

From the want of symmetry with respect to the vertical 
and consequent instability of the instrument, which is a 
necessary consequence of the arrangement of its different 
parts, direct observations of N.P.D. with it are very infe- 
rior in accuracy to those made with meridian instruments. 
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The Equatoiial is therefore always employed for taking 
differential observations : i. e. for observing the R. A.s and 
N.P.D.S of two objects in the field of view, and taking 
their differences. The errors from imperfect adjustment 
will affect two near objects very nearly equally, and the 
differential results will therefore be very nearly accurate. 

Thus, by the micrometer-screw we can move the two 
wu^s which are parallel to the hour-circle till they just 
touch a planet or the Sun on both sides ; the number of 
turns of the micrometer necessary to bring the wires from 
this position into coincidence will enable us to determine 
the angular diameter of the body. 

We may also in observing a comet compare it with a 
fixed star in its neighbourhood. The place of the star being 
assumed to be known correctly, we obtain by a series of 
such observations the motion of the comet with reference 
to it, and the path of the comet during the period of its 
being observed becomes known. 

87. Conditions qf perfect adjustment 

The instrument, if in perfect adjustment, will satisfy the 
following six conditions. 

(1) Its polar axis must be in the meridian. 

(2) The inclination of the polar axis to the horizon 
must be equal to the latitude of the place. 

(3) The axis of revolution of the declination-circle, 
called the declination-axis ^ must be at right angles to the 
polar axis. 

(4) The line of collimation of the telescope must be at 
right angles to the declination-axis. 

(5) The declination-circle must read 0^ when the line 
of collimation of the telescope points to the pole. 

(6) The hour-circle must read 0*», when the declination- 
circle is parallel to the meridian^ or when the decliuation- 
axis is horizontal 

We have no space to devote to a description of the 
methods by which these conditions are secured. The stu- 
dent will find a full account of them in Chambers's Hand- 
book qf Astronomy^ pages 341 — 344. 
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88. Readings of the hour-circle and qf the dedinor 
tion-drde give the motions qf the optical axis in B,A, and 
N.P.D. 

In the figure, RQr is the hour-circle ; Pp, the axis about 
which this revolves, is the polar axis, or hxmr-a^cis. Per- 




pendicular to this and revolving about Pp is the declina- 
tion-axis Dd, The circle Ee perpendicular to the declinar 
tion-axis is the declination-circle. Tt is the optical axis of 
the telescope : Tt, being parallel to the plane of the decli- 
nation-circle, is perpendicular to Dd, Also the declination- 
circle is perpendicular to the hour-circle and parallel to the 
polar axis. Draw P'jt?', in the plane of the declination- 
circle, parallel to the polar axis. 

Let a plane parallel to the declination-circle Eemeek 
the hour-circle Rr in Qq, Then, as the clock-work moves 
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the hour-circle round, the whole instrament is carried 
round Pp ; and Qq is carried by the circle through angles 
equal to the angles described by the declination-circle 
through Tt the optical axis of the telescope. 

Again, if the motion of the hour-circle were stopped, and 
the declination-circle turned round, it would carry Tt 
through an angle equal to the angle described in its own 
plane by the declination-circle. If, then, JEe be a line in 
the plane of the circle parallel to Tty the angle through 
which it revolves by the revolution of JEe in its own plane 
is the angle through which Tt has been moved in N.P.D. 

The whole instrument is supported by a pier, on a face 
of which the hour-circle Rr rests. 

89. The Heliometer, 

The Heliometer is simply an Equatorial with a divided 
object-glass. The object-glass is divided into two equal 
parts by a plane through its optical centre and the optical 
axis of the telescope. There is an apparatus by which 
these two parts may be made to slide past each other. 
When the centres of the two halves coincide, there is a 
complete object-glass, which will give but one image of a 
star. When the centres are separated, each will produce 
an image of a star in the same position as it would occupy 
if it were produced by a whole object-glass with its centre 
in the position of that of the half. 

Thus let Oy Cy be the centres of the two halves ACB^ 

A'G'W^ and imagine each semicircle 
completed by the dotted lines. Then, 
the images of a star produced by the 
two halves will be at equal distances 
from O and 0\ on the lines drawn 
through 0, O' in the direction of the 
star. They will therefore be at a 
distance 00' from each other in a line 
parallel to 00' at tiie principal focus 
of the telescope. 

Attached to the screw by which 
the half lenses are separated, is a graduated head read by 
a pointer, as in the ordinary micrometer. The line AB 
is capable of being turned round into any required posi- 
;tion by a motion of the oljyect-glass in its own plane. In 
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order to determine the value in angle of a reading of the 
micrometer the telescope is set to point to a kno¥m star, 
and the object-glass is turned so as to make AB coincide 
with the direction of the diurnal motion of the star ; the 
micrometer-head, being turned through one revolution, 
separates the halves of the object-glass and gives two 
images of the star. The times of transit of these two 
images over a wire perpendicular to AB being observed, 
their difference is tiie time occupied by the star in de- 
scribing an angle equal to that subtend^ at the centre of 
either half of the object-glass by a line at the focus equal 
to 0(y\ also the angle described in a given time by the star 
in its diurnal motion is known: thus the angular value 
of 00' S& known. Hence we know the value in angle of 
the separation of. the images corresponding to any number 
of turns or parts of a turn of the screw. 

90. Observations of stars with the Heliometer, 
Suppose now, for example, it is desired to measure the 

angular distance between two stars Si, S^, which are near 
together. AB is placed so as to coincide with the direction 
of the line S^S^ : and the halves of the object-glass having 
been adjusted so as to give only one image of each star, 
the micrometer-screw is then turned till each star has 
moved through the space SiS^ Since the motion is paral- 
lel to AB, it is in the direction SiS^ and therefore the 
image hj of one star will coincide with the image by (/ 
of the other; the screw being therefore turned till this 
takes place, the reading determines the required angular 
interval between the stars. 

The instrument may also be used for measuring the 
diameters of planets and of the Sun : and it is from the 
application of it in this manner to the Sun that it owes 
its name. 

91. Observation of the Sun. 

If the Sun be the object observed, each point of its 
disc will give two images in a straight line parallel to 00', 
the distance between them for each pair being equal to 
00': hence the whole disc, by the separation of the halves 
of the object-glass, is moved through OO' in a direction 
parallel to 0(7. 

K the reading of the micrometer be taken when the 
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images just touch as at ba\ and the screw be then turned 
till they just touch on the other side, as at a and b'; the 
difference of the readings in the two positions will corre- 
spond to a motion of one centre relatively to the other 




equal to twice ccf, the distance between the centres when 
the images are in contact, that is, to twice the Sun's dia- 
meter. Half the di£ferei^ce, therefore, determines the 
Sun's angular diameter. 

92. 77ie Zenith Sector, 

There are several forms of this instrument, the use of 
which is to measure differences of zenith-distances for ob- 
jects near the zenith with great accuracy. We shall very 
briefly describe one of the simplest forms. 

It consists of a long telescope rotating about a hori- 
zontal axis which is very near the object-glass. The eye- 
end of the telescope is nearly vertically under the object- 
glass, and the telescope is capable of motion about its axis 
through a small angle in either direction. Near the eye- 
piece is attached to the telescope a small circular arc 
whose centre is on the axis of the sector and plane per- 
pendicular to the axis; this arc is graduated on both sides 
of its middle point. A plumb-line, hanging from a point 
on the axis, passes close in front of the graduated arc : 
behind the plumb-line is a reading-microscope with its 
optical axis parallel to the axis of rotation of the telescope, 
by which the graduation of the arc, at the point where the 
plumb-line is projected on it, is read. 

93. Hadley*8 Sextant, 

There is another instrument which, though not used in 
jUiie4 Observatories^ is of such extensive use for nautical 
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purposes, that a short deecription of it cannot properly be 
omitted. It is called Jffadle^t Sextant 

The principle on which this instrument is constructed, 
depends upon a proposition proved in Optics, tIz. that 




when a raj of light is reflected at two mirrors, the angle of 
deviation ie equal to twice the angle between the mirrors. 

The figure represents Hadley's Sextant ; Z>F is a por- 
tion of a graduated rim, the graduation, as the name im- 
ports, extending usually to about one-sixth of a circum- 
ference, but sometimes to more. AE is a moveable radius 
of the circle, which carries witli it a small mirror A of 
Klvered glass at one end, and a vernier at the other. B is 
a piece of glass silTored over half its surface, and is so fixed 
that when the reading of the vernier is zero, the surfiiceB 
of the mirrors A and £ are parallel (7 is a small teleocope 
attached to the instrument, and so arranged that ita axis 
passes through the line of division between the mlvered 
and unsilvered parts of the glass B. 

To find the angle subtended bj the line joining two 
olyects IT, IT, let the instrument be held in such a position, 
wd the moveable radius so adapted, that the image of a- as 
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seen by reflexion at the two mirrors, coincides with that of 
(Tf as seen by direct vision; then the angle between the two 
objects will be twice the angle between the mirrors, or 
twice the arc between the pointer of the vernier and the 
zero poipt of the instrument, since when the mirrors were 
parallel the reading of the yemier was zero. Consequently, 
if we graduate the arc DF in such a manner that every 
degree of its arc is marked as two degrees, the reading 
given by the vernier will be the angle required. 

By means of this instrument the angular distance 
between two objects may be ascertained with sufficient ex- 
actness for nautical purposes ; and the altitude of a hea- 
venly body may be found by holding the instrument with 
its plane vertical, and moving the radius AJE into such a 
position that the reflected image of the body may, by a 
slight tilt of the sextant, just graze the horizon. 

In practice, the reading of the vernier will not be accu- 
rately zero when the mirrors are parallel; the reading 
which it actually gives in that case is called the index- 
error. The index-error is determined by taking the read- 
ing of the vernier when the image of a distant object after 
reflexion at A and B is made to coincide with its image 
viewed directly. 



CHAPTER III. 

ON THE METHOD OP REFERRING THE POSI- 
TIONS OF THE HEAVENLY BODIES TO CER- 
TAIN PLANES AND POINTS. 



94. Principle qf the method. 

We have explained in Chapter i. how, by comparing 
from time to time the position of the Sun, Moon, or a 
planet among the fixed stars, its apparent motion may be 
traced. It is evident that the same result may be arrived 
at by finding the positions both of the fixed stars and of 
the moving bodies with reference to certain planes and 
points on the celestial sphere. If these planes and points 
be such that the positions of the fixed stars with reference 
to them do not vary, the directions of the planes and 
points themselves are invariable : if not, the change of the 
positions of the fixed stars with respect to them will 
determine their motions. These motions, if there be any, 
may be allowed for, and the positions of all bodies can 
then be referred to initial positions of the planes and 
points: and the motions of those bodies which do not 
retain an invariable position with respect to these initial 
positions may be found. This is the method by which 
the motions of the heavenly bodies are determined in 
practice. 

We will now shew how the positions of bodies with 
respect to the planes and points to which they are com- 
monly referred are determined, and how from the positions 
with reference to one set the positions with respect to 
others may be deduced. 
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' 95. Position qf a body referred to a point and a 
great circle paenng through q 
the point, ^ 

Let Q be any known fixed 
point (Art 19) on the celestial 
sphere, and QX an arc of a 
faiown fixed great circle. Then, 
the position of any body S is 
kno?ai, if jSQ, the angular dis- 
tance from Q, is known, and 
the angle SQX, which the 
plane of SQ makes with that 
qtQX. 

96. The position of a body is known tchen its N,P,D, 
and R,A. are known. 

If Q be the north pole, and QX pass through the first 
point of Aries, SQ is the N.P.D.: and the angle SQX is 
the B.A. of the star. Thus the position of a star becomes 
known when its N.P.D. and B.A. are known. 

97. Determination of the position qf the pole; and 
of the N,P,D, of a body. 

To determine the position of the pole we require the 
position of the meridian at the place of observation, the 
position of the zenith, and the value of ZP the oo-latitude. 

The position of the meridian is determined best by the 
pole-star. A telescope, moveable about a horizontal axis, 
18 placed in such a position as to have the pole-star in its 
field of view. The superior and inferior transits are ob- 
served and the interval of sidereal time found. Suppose 
the inferior transit to follow the superior by less tlmn 12 
hours; the plane of coUimation is then too much to the 
^ft of the north pole ; the horizontal axis may then be 
shifted, and the observation repeated. By a sufficient 
number of repetitions of the process, the plane of coUima- 
tion can be brought pretty accurately into the plane of 
the meridian, and the deviation may be calculated from 
the observed interval of time between the two transits. 

The method of determining the position of the zenith 
has been described in Chapter n. 

The latitude of the place of observation is equal to the 
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altitude of the pole (Art 15); and this is equal to the 
semi-sam of the altitudes of a circumpolar star at its two ^ 
transits (Chap, z.): hence ZP, the co-latitude, may be 
found by observations of circumpolar stars with a meri- 
dian circle. We thus know the position of the meridian 
and of the pole. 

By subtracting the reading for the pole from the read- 
ing for the star, we determine the N.P.D. of the star. 

98. Determination of the position qf the first point of 
Aries; and of the R,A, of a hody. 

To determine the R.A. we require the position of the 
meridian through the first point of Aries. 

When the first point of Aries is on the meridian, the 
sidereal clock should indicate 0**, (T, 0"; and the angle 
which the meridian through it makes with the meridian 
of the place is known at any instant if the correct sidereal 
time is known (Art. 33). To find the position of the first 
point of Aries is, therefore, the same thing as to find the 
error of the sidereal clock, or the time indicated by it when 
the first point of Aries is on the meridian. 

When the sun is near an equinox its N.P.D. is changing 
most rapidly ; if therefore two observations be taken of the 
Sun near the time when its declination vanishes, the differ- 
ence between the two N.P.D.s found will be tolerably lai^ge, 
so that any small errors of observation will be less im- 
portant than they would be in other parts of the orbit 
For this reason observations taken near an equinox are 
the most favourable for determining the positions of the 
points of intersection of the ecliptic and equator. 

Suppose, now, observations to be taken of the Sun just 
after passing through the first point of Aries : the differ- 
ence between the clock-times of transit of the Sun and a 
fixed star gives the difference of R. A. of the Sun and star. 
In consequence of the motion of the Sun this will vary 
from day to day. The difference between the results 
given on two successive days gives the motion in R.A. 
of the Sun in the interval. The N.P.D. of the Sun can 
also be found by the Transit Circle at each observati<Hi. 
And from these data the position of the first point of 
Aries is known. 

For in the figure, let YaSaS^ be the arc of the ecliptic 
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meeting the equator in Y, the first point of Aries. And 
let PSNy PS'N' be the declination-circles through the 




centre of the Sun on the two days. Then, the motion in 
B.A., determined as above, gives lNPN\ or the arc 
NN' : and the declinations NS, N^S^ are known from the 
N.P.D.S. Thus NN\ NS, N'S' being known, the position 
of the plane through the centre of the sphere and SS^ is 
known, and all the parts of the spherical triangle XS^N' 
can be found. Thus we can determine XN\ the R.A. of 
the Sun when at S^ ; the difference between this and the 
B.A. as inferred from the time given by the sidereal clock 
is the error of the clock, or the sidereal time indicated by 
it at the transit at the first point of Aries. 

To find the R.A. of a star, subtract the clock-time of 
transit of the first point of Aries frx)m the time of transit 
of the star; if this difference, expressed in hours be t, the 
B.A. in degrees is equal to 15^. 

Obs. From the geometry of the figure we may also 
calculate the LSxNor the obliquity. 

Though two observations are theoretically sufficient to 
determine the position of the first point of Aries and the 
obliquity, they would practically only give a first approxi^ 
mation. By a series of observations of this nature the 
approximate value first deduced may be still further cor- 
rected ; and by taking the mean of the results of a con- 
siderable number of observations a very accurate value 
is obtained. 
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S^. Motion of thsjirsi point of Ariet detected. 

If the R.Aii giyen hj deiennmatioiis of the poations 
of the equinox on different years be compared with eadi 
other, it is found that the BJL of each star increases 
regularly by a small amount every year. Hence the di- 
rection of the first point of Aries is not fixed (Arts. 18, 94) ; 
its motion among the stars is retrograde, i. e. firom east to 
west^ or in a contrary direction to that of the Sun. The 
Sun will therefore pass through the vernal equinox eaiiier 
every year than if this point were fixed. The motion of 
Aries is, for this reason, called the JPrecession of the 
Equinoxes. It is discussed in Chapter vi. 

100. Pontion of a star r^erred to the pole qf the 
ediptic, and a great circle joining it with the fint point 
of Aries, 

The position of a star being known with respect to 
the pole of the equator and the first point of Aries^ its 




position with reference to the pole of the ecliptic and the 
first point of Aries can be deduced. 

For, let P be the pole of the equator, tt of the eclqitic. 
Join YP, Yir: thence since Y is in both planes of whic^ P 
and IT are poles, Py and tiY are both quadrants, and Y is 
therefore tilie pole of the great circle Ptr, 

Let # be a star : join sP, sv. Then the R. A. of the star 
is the angle sPy, which is the complement of LsPtt; and 
the N.P.D. #P, and the obliquity Pw, are known. 

Thus, in the spherical triangle «-P#, vP, Pm and the 




ft 
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LirPs are known. The other parts of the triangle can 
therefore be found. Hence vs and the L svP are Imown. 

And the angle PttY ia a right angle; hence the angle 
«7rY is known. 

Thus the position of s being known with respect to P 
and PY we can deduce its and sirX which determine its 
position with respect to ir and irY. 

101. Latitude and longitude cfa star, 

Def. If TTi be produced till it meets the ecliptic, the 
angular distance of # from the ecliptic measured along it is 
called the Latitude of the star ; and 9r«, which is its com- 
plement, is called the Co-latitude, And the angle ^ttY is 
called the Longitude of the star. A star's co-latitude and 
longitude determine its position with reference to the 
ecliptic and first point of Aries in precisely the same 
manner as the N.F.D. and R.A. do with respect to the 
equator and first point of Aries. 

It is found that the longitudes of all stars increase 
from year to year, while the latitudes are not altered. 
This shews that the ecliptic is fixed, and that the motion 
of Aries is due to a motion of the equator, 

102. Position qf a star with respect to the ecliptic 
deduced from observations with an altazimuth. 

Let Z be the zenith, P the pole, s 
a star. Then ZP is the co-latitude of 
the place; and if, with an altazimuth, 
the Z.D. Zs, be observed, and the azi- 
muth PZs : these, with ZP, are suffi- 
cient to determine all the parts of the 
triangle ZPs. Thus Ps, the N.P.D., 
and L ZPs, the hour-angle, are known. 
Also the sidereal time gives the hour- 
angle of Y : hence the R.A. and N.P.D. 
of s are known. These being known 
the latitude and longitude of the star may be deduced, as 
explained above. 

We have thus shewn how, from the results of observa- 
tions with the Transit Circle, or the Transit Instrument and 
Mural Circle, the Altazimuth^ or the Equatorial, the posi- 
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tion of a star or other celestial body, may be deduced with 
reference finally to the ecliptic ; also, how the positions of 
the poles of the equator and ecliptic, and of the equinoxes, 
with reference to the fixed stars, may be found firom time 
to time; and hence, how the motions of these points among 
the fixed stars, and thus the actual variations in the 
directions of the planes of the equator and ecliptic in space, 
may be determined. 



CHAPTER IV. 

ON THE PHENOMENA DUE TO THE ROTATION 
AND ORBITAL MOTION OP THE EARTH. 



103. Apparent rotation of the heavens accotmted for 
by the rotation of the Earth, 

In the figure PP' is the axis, C the centre of the 
Earth: the ^unial rotation is performed bj the Earth in 




the direction of the arrow-heads : P and P' are the north 
and south poles respectively : Sthe position of any star. In 
the course of a day the Earth will have completed a rota- 
tion about PP^ : in the meantime the centre of the Earth 
has been moving over a small portion of its orbit round the 
Bpn, The Ime CS, however, joining C with any star S, 
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has in this time been moTing to all intents and pniiKnes 
parallel to itself; PP' the axis of the Earth ako moTes 
parallel to itself; thns L PCS has not changed. Henoe as 
soocessiTe meridians of the Earth are made by its rotati<xi 
to pass through S, the point # in whidi CS meets the 
Earth is always at the same distance from the pole j?: and 
thns by the uniform rotation of the Earth the point 9 in 
which CS meets the snrfaee of the Earth, describes nni- 
formly a small cucle parallel to the equator, in the f^podte 
direction to that of the rotatiMi. 

104. Stars appear to move in porHons qf circles 
parcUlel to the equator. 

We now proceed to shew from this how the star will 
seem to more to a spectator <m the Earth's snr&ce. 

In the figure, let O be the position of the obsenrer. 
Produce CO indefinitely to Z; Uien Z is the obseiTer's 

P 




zenith; /S'any star when the plane of the meridian passes 
through it, and s the point in which CS meets the Eurth. 

Then, as in the previous Article, the point # is by the 
Earth's rotation made to describe the small cirde stt 
uniformly, so that CS describes uniformly a right circular 
cone about the axis (7P, in the course of a day. Now the 
line OS drawn from the spectator to the star is always 
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parallel to CS, the star being at an immense distance from 
the Earth. Draw OP parallel to CPi then OS describes 
a cone similar to the cone described by CS, and in the 
same direction, viz. opposite to the direction of rotation of 
the Earth. This cone will intersect the celestial sphere 
in a small circle which the star will appear to describe 
uniformly about the point jP, the north pole of the heayens. 
The stars, then, appear, during that portion of the day 
when they are yisible, to describe portions of circles about 
the poles of the heavens, or parallel to the celestial equator. 

105. Time during which a star remains above the 
Tiorizon depends on its declination. Appearances to a 
spectator at the pole, and at the equator. 

The plane^of the meridian divides the celestial sphere 
into two hemispheres; one of these is represented in the 
figure, in which the plane of the meridian ZPP^ is sup- 




posed to coincide with the plane of the paper. Let P, P* 
be the poles, Z the zenith, HQN the horizon intersecting 
the meridian in HON, and EQR the celestial equator 
intersecting the horizon in OQ, which is a line perpendicu* 
lar to the meridian. Then the horizon conceals from view 
the hemii^here HP'N below it. 
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CoDfflder now a star on the equator ; its dinmal path is 
bisected by the horizon; it will therefore be visible through- 
out half its course, of which half the part QE on this side 
of the meridian is represented in the figure. Again, con- 
sider a star haTing north polar distance PON, and there- 
fore moving on the circle NM parallel to the equator : its 
whole course is above the horizon ; and it is clear that all 
stars with less N.P.D. describe their course entirely above 
the horizon. Similarly all stars with south polar distance 
.JP^£r or less than I^£[ describe their whole diurnal path 
below the horizon. Stars with N.P.Dit greater than PN 
(which is equal to the latitude of the place) and less than 
90<* describe part of their course above and part below the 
horizon, the part above the horizon being greater than that 
below. Stars with S.P.D. greater than P^H and less than 
90® have more than half their diurnal circles below the 
horizon. 

To an observer on the pole each star*s diurnal circle is 
parallel to the horizon ; for Uie horizon in that case is parallel 
to the equator. Hence all stars north of the equator are 
continually visible above the horizon, while stars south of 
the equator are always below the horizon. 

To an observer on the equator P and N coincide, as 
also P' and H, and the equator passes through his zenith. 
The diurnal paths of all stars are therefore circles perpen- 
dicular to the horizon, and each describes half its path 
above and half below the horizon. 

106. Apparent motion of the Sun among the itan 
accounted for by ths orbital motion qf the Earth dbotUthe 
Sun, 

We have next to describe the appearances presented 
to an observer on the Earth in consequence of its annual 
revolution about the Sua 

Let E^ be the position of the Earth's centre at any time, 
and E^ its position at a subsequent time. S the Sun's 
centra Draw EiSi, Efi^, Ss^ in the direction of any fixed 
star in the plane of the Earth's orbit Then the angular 
distance of the Sun fi-om this star as seen from Ei is 
the LSiEiSf which is =L9sSSi, since EiS subtends no 
measurable angle at the ^tar, and therefore ^i^i, Sb^ are 
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{Murallel to each other. So the angular dbtance of the Sun 
from the star as seen from E^ ^ 's'^^i* 




Hence the Sun will appear to have approached the star 
by an angle equal to SiSSat which is equal to the angle 
EiSE^ described by the Earth's centre about the Sun. 

Thus, m consequence of the Earth's motion about the 
Snn, the Sun appears to a spectator at the Earth's eentre 
to move in the plane of the Earth's orbit, and to describe 
in any time an angle equal to that described by the Earth 
about the Sun. The angle subtended by a radius of the 
Earth at the Sun is very small ; the angle which the Sun 
appears to a spectator on the Earth's surface to describe 
with reference to any star will therefore be almost undis- 
tinguishable from the angle as observed by a spectator at 
the centre. To a spectator on the Earth's surface, there- 
fore, the Sun will appear to describe among the stars a 
i^reat circle, the plane of which is that of the Earth's orbit 
about the Sun. 

107. Varying N,P,D, and meridian altitude qf Sun 
Recounted for by the orbital motion qfthe Earth, 

If the axis of rotation of the Earth were perpendicular 
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to its orbit, the equator and ecliptic would coincide^ and 
the great circle which the Sun appears to describe among 
the stars would be the equator. Since, howeyer, the 
Earth's axis is not perpendicular to the ecliptic, the Sun 
will appear to describe a great circle indined to the 
equator, and its N.P.D. as well as its R.A. will appear to 
vary throughout the year. 
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Let She the Sun's centre, Pp a line through it paraHel 
to the Earth's axis; let the plane through Pp perpendicular 
to the plane of the Earth's orbit meet it in 0(y. Draw 
ESE^ in the plane of the orbit perpendicidar to 0(y, and 
let 0, Ey 0\ E^ be the positions of the Earth's centre on 
these lines; -Pijoi, -Pa/?s, PzP^y P4PA t^© positiona of (he 
Earth's axis— all parallel to Pp, 

Then, since the plane EOE^ is perpendicular to the plane 
PSCy, and EE' is perpendicular to their line of intersectiony 
EE' is perpendicular to the plane PS(y, and therefore to 
PS) also the angles which 0(y makes with Pp are the 
greatest and least of all the angles Pp makes with lines in 
the plane of the orbit. 
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At E and E^, then, the Son'fi direction as seen from the 
Earth is perpendicular to the axis, or the Sun is in the 
equator ; and at and Cy, the N.P.D.s are the greatest and 
l^ist : and since these N.P.D.S are supplementary to each 
other, the least S.P.D. being the supplement of the greatest 
K,FJ). is equal to the least N.P.D. 

At Of the Sun is seen nearest to the north pole P, and 
as the Earth moves from Oio E, the Sun recedes farther 
and further from it, till at E, i.a after an interval of a quarter 
of a year, the Sun is on the equator. The N.P.D. then 
becomes greater than 90**, and the Sun is in south declina- 
tion ; the N.P.D. then increases as the Earth moves from 
EtoCy, when it is greatest, and its S.P J) is then least and 
equal to the least N.P.D., which it had at 0. The S.P.D. 
then begins to increase from pfi'S^ its least value, to 
P4E^S, which is 90^; the Sun is then on the equator, and as 
the Earth moves from ^' to the Sun's N.P.D. diminishes 
froBk 9(^ to its least value F^OS, 

Thus in the course of a year, the Sun, after arriving at 
an angular distance from the north pole equal to the incli- 
nation of the Earth's axis to the ecliptic, turns back towards 
the equator, crosses it, and having arrived at an equal dis- 
tance on its south side, approaches the equator again, again 
crosses it^ and finally returns to its greatest distance from 
the equator on the north side. 

The angle described in the course of a single day by 
the Earth about the Sun is so small that the deviation of 
the Sun in a day from the circle of its diurnal apparent 
motion is hardly noticed. The accumulated effect of the 
orbital motion is however very clearly evidenced by the 
difference in the meridian altitudes of the Sun at Mid- 
summer and Winter 

108. Definitions, 

The points of the Sun's orbit among the stars at which 
it crosses the equator are called the Equinoxes; the point 
through whidi the Sun passes into north declination being 
the Vernal Equinox, and the other the Autumnal Equinox. 

The points of the ecliptic, 9QP distant frt>m the equi- 
noxes, are called the Solstices. They are the points at 
which the Sun's declination is greatest, and at which 
therefore it turns back towards the equator. 
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Def. The Solstice north of the equator is the Sumfner 
Solsticey and that south of it the Winter Solstice, 

Def. The declination-circle through the equinoxes is 
called the Equinoctial Colure, and the declination-drde 
through the solstices is called the Solstitial Colure. 

The inclination of the ecliptic to the equator is 23®. 28'. 
It is called the obliquity of the ecliptic. 

Def. Circles of latitude on the Earth's surface dis* 
tant 23®. 28' on either side of the equator are called the 
Tropics: the Tropic cf Cancer being the circle north of 
the equator, and the Tropic of Capricorn south of it. 

The portion of the Earth's surface included between 
the tropics is called the Torrid Zone, 

Def. Circles of latitude on the Earth, distant 23^.28' 
from the poles are called the Arctic and Antarctic Circles; 
the Arctic circle being the circle near the north pole, and 
the Antarctic circle being that near the south pole. 

The portions of the Earth's surface about the pole, 
which these circles respectivelj contain, are called the 
Arctic and Antarctic Zones. 

Def. The remaining portions of the Earth's surface, 
which are contained between the tropic of Cancer and the 
Arctic circle, and the tropic of Capricorn and the Antarctic 
circle, are called the north and south Temperate Zones, 

It is easily seen that the points in which any meridian 
meets the Arctic circle and the tropic of Capricorn are 90^ 
apart. 

109. Varying positions of the Sun throughout the 
year as seen by spectators in different latitudes. 

When the Sun is in the winter solstice, it is vertically 
over a place on the tropic of Capricorn, and is therefore on 
the horizon of the place in the same meridian on the Arctic 
circle. The same is true for the Antarctic circle and the 
tropic of Cancer. 

A spectator on the equator has the Sun in his zenith at 
noon on the two days on which it crosses the equator. The 
diurnal circles of the Sun are all perpendicular to his 
horizon ; their centres are therefore on the horizon, which 
bisects them all. Day and night are therefore of equal 
length throughout the year ; and the Sun's meridian zenith- 
distance yaries from 0° to 23°. 28' on either side. 
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A spectator on one of the tropics will have the Sitn in 
his zenith once in the year ; on the tropic of Cancer at the 
sammer solstice, and on the tropic of Capricorn at the 
fdnter solstice. 

At places within the Torrid Zone the sun is in the 
zenith twice a year ; places on the north side of the equator 
haying the Sun at its greatest zenith-distance at the winter 
solstice, and places on the south side haying the greatest 
senith distance of the Sun at the summer solstice. 

The greatest meridian zenith-distance of the Sun at a; 
place on either of the tropics is equal to the sum of the 
distances of the zenith and the Sun jfrom the equator 
when the Sun is most below the equator, i.e. it is twice 
23^ 28^, or 46^56'. The altitude of the Sun is then equal 
to 90* - 2 X 23«.28', or 43^4'. 

Again, a spectator on the Arctic Circle has a latitude 
equal to 90^-23''.28^; also the greatest and least meridian 
zenith-distances of the Sun are equal to the latitude + Sun's 
greatest angular distance from the equator, and latitude— 
Sun's greatest distance. Thus the meridian zenith-distance 
varies from 90® to 90^-2 x 23^28' or 43«.4'. 

To a spectator on the Arctic Circle, therefore, the Sun 
once in the year — at the winter solstice — describes its 
diurnal circle entirely below the horizon ; from the winter 
solstice to the summer solstice its meridian altitude con- 
tinually increases, as also the length of time during the day 
that the Sun is above the horizon, the planes of its diurnal 
circles being inclined to the horizon at an angle 23^.28'; 
and at the summer solstice the Sun just does not set 
throughout a day. 

The greatest meridian zenith-distance of the Sun at a 
place in the Temperate Zone between the Arctic circle and 
the tropic of Pancer, is intermediate between 90®, its value 
at the Arctic Circle, and 2 x 23® . 28', its value at the Tropic 
of Cancer; and its least zenith-distance is intermediate 
between 90®-23®.28' or 66®.32' and 0«. Thus the Sun 
never transits the meridian at the zenith or below th& 
horizon; and it is always on the side of the zenith away 
from the north pole. Also the inclinations of its diurnal 
circle vary from 23®. 28', the value at the Arctic circle, ta 
90® - 23®. 28' or 66® . 32', the value at the tropic. 
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Again, a spectator at the pole would have the equator 
for his horizon ; tlius the greatest and least meridian zenith- 
distances of the Sun are 90«+23«.28', and 90®-23®.28'. 
From the winter solstice, therefore, to the vemal equinox, 
and from the autumnal equinox to the winter solsUce, 
the diurnal circles described by the Sun are all below 
the horizon; and the rest of the year its circles are all de- 
scribed above the horizon, all the circles being in planes 
parallel to the horizon. Thus one half of the year is night, 
and the other half day. 

At places within the Arctic Zone the Sun during a 
portion of the year is entirely below the horizon, during 
another portion it is, part of the day, above and; part of 
the day, below, and during the remainder of the year it is 
continuously above the horizon. 

The phenomena presented to an observer in the south- 
em hemisphere will be precisely similar to the phenomena 
presented to an observer in the same latitude in the 
northern hemisphere ; with the exception that the motions 
which appear from left to right to a person on the northern 
hemisphere, will appear from right to left to one on the 
southern, and vice versd, 

110. Apparent motion qfthe Sun in RA, 

The Sun, in consequence of the motion of the Earth 
about it, appears to move among the stars not only in 
declination, but also in right ascension. This we proceed 
to show. 

In the figure on page 76, let P^p' be the axis of the 
earth e at any point of the orbit; then Pp^ P^p^ and Se are 
in the same plane ; and the plane P'eS, which is the plane 
of the declination-circle through the Sun's centre, coincides 
with the plane PSe, If, then, Ss, e9^ be drawn in the di- 
rection of any star in the plane of the ecliplbic, the angle 
between the declination-circles through the Sun and star 
as seen from the Earth is the angle between the planes 
P'eff and P'eS^ or the angle between PSs and PSe. 

When e meets 8% this angle vanishes; and as € 
moves in its orbit round the Sun the angle increases 
continuously, by the revolution of the plane P8e about 
Pp\ and the revolution of this plane about Pp will be 
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completed when e has come rotmd to the position from 
which it started. 

Thus in the course of a year the Sun separates from 
any fixed star in right ascension continuously in the same 
direction from Qfi to 360^. 

Since the direction in which the Earth revolves about 
the Sun is the same as that in which it rotates about its 
axis, the apparent annual motion of the Sun is in the 
opposite direction to the diurnal motion of the firmament. 
Hence as the Sun describes the part of its diurnal apparent 
course which is above the horizon, it moves backwards by 
its annual motion, and is therefore longer above the hori- 
zon than if it were a fixed star. Its time of setting, and 
similarly its time of rising, are thus seen to be retarded by 
its orbital motion. 

111. Determination of the position of the line cf 
apHdes; progressive motion of the apogee. 

By Kepler's second law, the orbit of the Earth is an 
ellipse witii the Sun in one focus. The excentricity of the 
ellipse is very small, being about ^. The difference be- 
tween the greatest and least distances of the Earth is 
therefore small, and hence the apparent size of the Sun 
does not vary much. If, however, accurate measures be 
taken of the apparent diameter of the Sun,- i.e. of the angle 
subtended by a diameter of its disc at the observer's eye, 
they will be found to vary, and the greatest and least 
values correspond to the excentricity given above; their 
ratio being about 61 to 59. 

Def. The positions of the Earth at its least and great- 
est distances, which are at the extremities of the migor 
axis of the orbit (called also the line cf apsides) are called 
respectively the perihelion and aphelion distences : and 
the apparent positions of the Sun's centre are then called 
perigee and apogee. 

Since, by Kepler's first law, the areas described by the 
Earth in equal times about the Sun are equal, it follows 
that the angular velocity of the Earth about the Sun is 
greatest in perihelion and least in aphelion; and if a 
straight line be drawn through the Sun in the plane of the 
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orbit perpendicular to the major axis, it will divide the 
ellipse into two parts, of which the part containing the 
aphelion is described in longer time than that containing 
the perihelion ; and the diflference is in this case consider* 
able. The major axis divides the ellipse symmetrically, 
and into two halves which are described in equal times. 
Any intermediate line divides it into parts described in un- 
equal times, the diflference in the times being greatest in 
the case of the line perpendicular to the major axis, and 
less the less is the angle between the line and the major 
axis. 

If then the Sun be observed in two positions in its orbit, 
180® distant from each other, and again when it returns to 
its first position, the time elapsed between the first two 
observations will be half that between the first and last, if 
at the first the Sun was in apogee or perigee. If not, the 
time will diflfer from half the time between the first and 
last observations, and from the amount of this diflference 
the position of the line of apsides with respect to the line 
joining the positions of the Sun at the first and second 
observations may be calculated. In this way the position 
of the line of apsides may be determined in any year. 

By comparing determinations of its position for different 
years, it is found that they do. not agree. The apogee and 
perigee do not retain invariable positions among the stars, 
but move among them from west to east, or in the direc" 
tion of the Sun's motion : the yearly amount of this motion 
being 11-25''. 

This is called the progressive motion of the apogee. 

112. Signs of the Zodiac, 

The ecliptic is divided into twelve equal parts, which 
are called the Signs of the Zodiac. They are called, in the 
order of the Sun's course, Aries (T), Taurus, Gemini, 
Cancer, Leo, Virgo, Libra {^\ Scorpio, Sagittarius, 
Capricomus, Aquarius, Pisces. 

The Vernal Equinox was once in the sign Aries, but by 
its retrograde motion in the ecliptic has moved into Pisces^ 
It still, however, retains the name of the first point of Ariel. 

The Autumnal Equinox is called also the first point ol 
Libr% and is often designated by the sign (:±) of Libra. 
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113. The Seasons. 

The four portions into which the year is divided by 
the successive passages of the Sun through the equinoxes 
and solstices are called the Seasons: the three months 
between the vernal ec^uinox and the summer solstice are 
called Spring, the next quarter of the year Summer, the 
next Autumn, and the last Winter. In each of these 
seasons the Earth describes an angle of 90^ about the Sun ; 
these angles are not described in equal times, since the 
areas which they include are not equal. At present th6 
position of the equinoxes with regard to the apses of the 
orbit is such that the order of length of the seasons is 
summer, spring, autumn, and winter, summer being the 
longest. 

The variation of temperature at different seasoiis is 
due mainly to two causes, firstly, the varying proportions of 
day and night at different times of the year; and secondly,, 
the varying meridian altitude of the Sun. Wo will treat 
of these two causes separately. 

With regard to the first cause, it is evident thati 
uteris paribus, the longer the Sun remains above ther 
horizon on any day the greater amount of heat will the 
Earth receive; on this account then, the Earth receives 
more than the average amount of heat from the Sun when* 
the Sun is more than twelve hours above the horizon, and 
less when it is less than twelve hours. Now, the Earth is 
not only receiving heat continually from the Sun, but is 
constantly parting with heat by a process called radiation; 
and the amount of heat received from the Sun in the 
course of a year is about equal to the amount loslj* by 
radiation, and thus the average temperature of the year is 
nearly the same from year to year. In northern latitudes 
when the Sun passes the vernal equinox, the days become 
longer and the nights shorter than twelve hours, and the 
amount of heat received by the Earth exceeds the average, 
and is in excess of that lost by radiation ; thus the tempers- 
iure increases, and this increase of temperature continues 
tot only till the Sun reaches the summer solstice, when its 
stay above the horizon is longest; for, during some portion 
of the return of the Sun towards the autumnal equinox, th^ 



84 Astronomy. 

heat received by the Earth is in excess of that lost bj 
radiation. Thus, after the Sun has passed the yemal 
equinox till it has arrived at some point between the 
summer solstice and the autumnal equinox, the tempera- 
ture, so far as it depends on the cause we are considering, 
increases ; beyond this pointy as the Sun's meridian altitude 
diminishes, the temperature diminishes. When the Sun 
has reached the autumnal equinox the same variations 
of temperature are produced from this cause in the same 
order in the southern hemisphere, as the Sun passes from 
the autumnal equinox through ^q winter solstice back 
to the vernal equinox. Thus, in the southern hemisphere 
the phenomena of the seasons as regards temperature are 
reversed, the phenomena of the summer of tiie southern 
hemisphere happening at the time of our winter, and vice 
versd. 

The second cause which we mentioned, namely, the 
varying ;neridian altitude of the Sun, is no less important^ 
Its influence depends on the property, that when rays 
from a source of radiant heat f^ on a plane surface, the 
intensity of the heat received varies with the inclination 
of the rays to the surface, being greatest when they are 
incident perpendicularly, and less the more they are in- 
clined to the perpendicular. Now the greater the meridian 
altitude of the Sun, the nearer does it approach the zenith, 
and the more nearly are its rays perpendicular to the 
Earth's surfjace at noon. Hence, for this cause also the 
temperature increases in northern latitudes after the Sun 
passes the vernal equinox, and in southern latitudes after 
it passes the autumnal. 

There is still a third cause, which is not without its 
effect on the temperature; it is the varying distance of the 
Earth from the Sim, on account of the excentridty of the 
Earth's orbit The greatest variation of distance amounts 
(Art. Ill) to a thirtieth part of the whole distance. Now 
the intensity of the radiant heat from the Sun varies 
inversely as the square of the distance ; hence, the direct 
heating effect of the Sun's rays is greatest in perigee, and 
least in apogee, the difference amounting to a fifteenth 
part of the whole. Now, at the present time, the position 
of apogee is (Art 126) near the summer solstice; tims the 
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intensity of the Sun's rays is, on this account, least in 
summer and p*eate8t in winter, and the effect of the 
excentricity is to mitigate the heat of summer and the 
cold of winter in the northern hemisphere, and so to 
equalize the seasons in regard to temperature: in the 
southern hemisphere the effect is the reverse, and the 
difference of temperature in different seasons is increased. 

Though the effect is thus to make the range of' tempe- 
rature less in the northern hemisphere and greater in the 
southern, the whole amount of heat received in any one 
of the seasons is not affected by this cause. For, from 
Kepler*s first law, it follows that the angular velocity of the 
Earth about the Sun, that is, the rate at which angles are 
described by the line joining the centres of the Earth and 
Sua, is greater the less the distance, being greatest at 
perigee when the Sun's direct heat is greatest, and least at 
apogee; and it can be shewn that this angular velocity 
varies inversely as the square of the distance, and there- 
fore directly as the intensity of the Sun's heat ; and thus, 
the heat received in any time varies as the angle described 
by the Earth about the Sun in that time, and equal 
amounts of heat are received while the Earth describes 
equal angles. Hence, the total amount of heat received is 
the same in each season ; and again, the amount of heat 
received by a place in either hemisphere is the same for 
the time when the Sun is north as it is when he is south 
of the equator. 

114. Difference of weight qf a body in different 
latitudes. 

Using the word weight in the sense of the pressure 
which a body at rest on the Earth's surface exerts on 
another by contact with which it is supported, we proceed 
to shew that the weight of a body depends on the latitude 
in which it is weighed. 

A body at either of the poles is kept at rest by two 
forces — the attraction of the Earth and the supporting 
pressure. The pressure is therefore equal in magnitude 
and opposite in direction to the force of gravity at that 
point 

This is nearly but not accurately true at other points of 
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the Earth's surface; for in consequence of the rotation of 
the Earth, a body at relative rest on its surface, at all 
places except the poles, is not really at rest, but describes 
a circle about a point on the Earth's axis as centre. 
This circle requires (Newton, Section ii.. Prop, iv.) a force 
tending to the centre of the circle ; hence the pressure is 
not exactly equal and opposite to the force of gravity, but 
is incliiied to it at a small angle, and the two forces have 
a resultant tending to the centre of the circle described by 
the body. 

At a place on the equator the centre of the circle de- 
scribed is the centre of the Earth ; at such a place, there- 
fore, the direction of the pressure must be opposite to that 
of the Earth's attraction, but not equal to it ; the attraction 
mu^t be sufficiently in excess of the pressure to maintain 
the body in its circular motion. 

The weight of a body at the equator, as measured by 
the pressure which it exerts, or which is required to 
support it, is, therefore, less than at the poles in conse- 
quence of the Earth's rotation : it is also less on account of 
the ellipticity of the Earth (Art. 3), for the force of gravity 
varies inversely as the square of the distance, and is, 
consequently, less at the equator than at the pole. The 
excess of pressure at the pole over that at the equator 
from the combination of both these causes is about a 194th 
of the pressure at the equator. 

115. Determination of loss of weight in aiiy latitude 
diieto the rotation of the Earth. 

We YnXX now find an expression for the loss of weight in 
any latitude due to the Earth's rotation. 

Let Q be the position of the body : Pp the axis, C the 
centre of the Earth. Draw QN perpendicular to Pp : join 
QG. Let Qw be the direction of the pressure which 
supports the weight of the body: this direction nearly 
but not quite coincides with QG; let wQ produced make a 
small angle </> with QC. 

Let w be the weight of the body, m its mass, mg the 
attraction of the Earth upon it : then w and mg have a 
resultant in the direction of QN^ the radius of the diurnal 
circle which Q describes about Pp. Let QN= r ; and let 
be the velocity with which Q describes its circle about 
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Nj and a> the angular velocity of the Earth; then v^wr;. 
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and the force to the centre by which the circle is described 

r 
Hence, w in direction Qw^ and rag in direction Q(7, hare a 
resultant wia>V in direction QN, 

Resolve these forces and their resultant parallel and 
perpendicular to QG\ then 

vng - IT cos <^ = tw© V sin PGQ 

where a is the radius of the Earth. 

Now, since <^ is very small, cos = 1 approximately ; 
also ^jP(7Q=90*— X, where X is the latitude of the place; 

thus 

^w^ — «? = wicD^a cos' X ; 

or, the loss of weight caused by the rotation varies as iJie 
square of the cosine of the latitude of the pla^e; in other 
words, it varies as the square of QN the radius of the 
diurnal circle. 

If a body be weighed in di£ferent latitudes in a balance, 
since the pressures of the body and of the counter^U^^x.^^ 
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affected equally by a change of latitude, their differences in 
different latitudes produce no effect on the equilibrium ; by 
this means, therefore, we cannot discern differences in the 
pressure of a body in different latitudes. 

If, however, the pressure of the body be employed to 
stretch a spring, the spring will be stretched to a greater 
length the higher the latitude, and to its greatest length at 
the poles, and least at the equator. 

Again, the number of beats which a pendulum of given 
length makes in a given time is known to vary as the 
square root of the force under which the pendulum moves. 
At the equator therefore the number of beats would be less 
than at the pole. 

By experiments on the stretching of a spring and the 
beats of a pendulum the result above given for the dif- 
ference of the pressures exerted by a body at the pole and 
equator has been obtained. 

116. Trade Winds, 

It has been stated that the Sun attains an angular dis- 
tance from the equator of 23®. 28' on either side, which it 
never exceeds. The Sun is consequently always vertical at 
some point or other within the tropics, and never vertical at 
any place beyond them. Now, the heating effect of the Sun's 
rays at a given instant varies with the inclination to the 
surface on which they fall. Thus when the Sun is vertical 
the rays have much more effect in heating the surface of 
the Earth than when it is on or near the horizon : and the 
effect varies as the cosine of the angle of incidence, ix. of 
the angle which the rays make with the normal to the sur- 
face on which they are incident. Within the tropics there- 
fore, at some point of which the Sun is always vertical, a 
greater amount of heat is accumulated than at other parts 
of the Earth : and this heat is communicated to the super- 
incumbent air. By this heating of the air about the equator, 
in conjunction with the rotation of the Earth, the phenomena 
of the Trade Winds are produced, as we proceed to shew. 

The heated air expands, and thus becomes specifically 
lighter : it therefore ascends, and a partial vacmmi is pro- 
duced^ which is inmiediately filled by air which rushes in 
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from parts nearer the poles ; the heated air which has 
ascended, being unopposed, spreads in both directions to- 
wards the poles : it is cooled in its passage, and descends on 
parts of the Earth beyond the tropics. Thus far, then, the 
effect would be a north and south wind moving toward the 
equator. This effect, however, is modified by the rotation 
of the Earth in a remarkable manner. The velocity of a 
point on the Earth, in consequence of its rotation, is pro- 
portional to the radius of the circle of latitude. The cold 
air which supplies the place of the heated air about the 
equator has, at starting for the equator, a velocity less than 
that of the air within the tropics. By the friction of the 
Earth's surface, as it gets into larger circles of latitude, its 
Telocity is to a certain extent increased, but there remains 
still some deficiency of the velocity as it arrives at places 
within the tropics. It therefore lags behind the Earth, and 
as the Earth rotates from west to east, the air has on this 
accoimt a motion relatively to the Earth's motion, from east 
to west. This motion, combined with the general direction 
of the wind from the poles to the equator, produces the 
effect of a permanent north-easterly wind at places within 
the tropics in north latitude, and south-easterly in south 
latitude. Near the equator the circles of latitude vary very 
slightly: the easterly tendency therefore of the wind is 
slight, so that, by fhe time the air arrives at the equator, it 
has been destroyed by the friction ; and the northern and 
southern currents meet and counteract each other. Thus 
the Trade Winds entirely disappear at the equator. 

117. Tides. 

It remains to mention another remarkable effect of the 
rotation of the Earth in conjunction with the attractions of 
the Moon and Sun, which is the phenomenon of the Tides. 
These are produced by the joint attractions of the Moon 
and Sun on the Earth and the waters which surround it. 
The Moon produces the principal effect on account of its 
greater proximity, the effect of the Moon being greater than 
that of the Sun in the proportion of about 5 to 2. 

Since, by the law of gravitation, the waters of the Earth 
which are immediately under the Moon are attracted with 
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a greater force than the land beneath them, they will be 
drawn away from the Earth with a force equal to the differ- 
ence of the attractions. So, the waters on the opposite side 
of the Earth will be attracted with less force than the land 
beneath them : the land is therefore drawn away from the 
waters on this side, and the result is the same as if the 
waters were drawn away from the land. The waters, then, 
are drawn away from the land at both extremities of a 
diameter of the Earth drawn in the direction of the Moon. 

It has been proved that the shape assumed by the sur- 
face of the waters by the attraction of the Moon must be a 
prolate spheroid, whose longer axis passes through the 
Moon ; this supposes the surface of the Earth to be entirely 
covered by water. In the actual case, the spheroid above 
mentioned could not be formed entire, but parts of a 
spheroid would be formed interrupted in various parts by 
the land. 

"We have not at present taken account of the rotation of 
the Earth. In consequence of the rotation, the vertices of 
the spheroid are relatively to the Earth in continual motion 
in a direction contrary to the rotation of the Earth, or from 
east to west, so as to follow the apparent diui*nal motion of 
the Moon^ 

The waters being drawn away from the Earth in direc- 
tion of the line joining the Earth and Moon, the level is 
higher in this direction than in others, and lowest in direc- 
tions perpendicular to it. 

When the water which is at the highest level strikes the 
coast at any place, it is high water ; and when the water 
which is at the lowest level strikes it, it is low water. 

In the above account we have for simplicity neglected 
the action of the Sun, which produces precisely a similar^ 
though a less effect ; and it is by the combined action of 
the two bodies that the actual wave is produced which re- 
sults in the tides. 

When the highest levels produced by the Sun and Moon 
are in the same direction from the centre of the Earth, 
which happens when the Moon is near conjunction and 
opposition, i.e. when its angular distance from the Sun is 
nearly 0^ and 180^, the resulting high tide is at its highest 
passible, and the low tide at its lowest possible : the tide is 
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ihen called a spring tide, and the difference between high 
and low tide is the greateist possible. When the Moon is 
near quadratures, i.e. when its angular distance from the 
Bun is about 90®, the solar and lunar waves tend mutually 
to destroy each other, although the lunar wave predomi- 
BiUes ; the tide is then called a neap tide. 

The effect of the Moon and Sun in producing the tides 
is not immediate ; if it were so the highest level of the tide- 
wave for each would be immediately under it. Before, 
however, the effect can be produced, the attracting bodies 
have assumed new positions ; the high tide >vill therefore 
not happen for each till some time after its meridian pas- 
sage ; and the actual high tide will happen at some time 
after the theoretical high tide, calculated from the combined 
effects of both bodies on the supposition that the high tide 
produced by each would take place at the instant of its 
passage. This difference in the time of high tide is not the 
same for all places ; it differs on account of the difference 
in the physical obstacles to the progress of the tide-wave, 
such as the different length and breadth of the channels 
through which it has to pass. The difference of the time of 
the actual from that of the theoretical high tide arising 
from that cause for any place, on the days of new and full 
Moon, is called the Establishment of the Port, 

If the Moon were the only attracting body, the time of 
high tide would differ from the time of the Moon's transit 
on any day, only by the Establishment of the Port. The 
Sun, however, being sometimes before and sometimes 
behind the Moon, the time of high tide, being duo to the 
combined effects of the two bodies, will differ on different 
days ; and the interval between successive high tides will 
vary. The tidal day will therefore differ from the lunar 
day or the interval between successive transits of the 
Moon. 

This difference is called the priming and lagging of the 
tides. 

118. Proqfs of the Earth's rotation. 

In the explanations in this chapter we have assumed 
that the Earth rotates about an axis through its centre and 
revolves about the Sun. It is possible, however, to explain 
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tome of the phenomena by sapposh^ the Eartii to be fixed, 
and the heavenly bodies to revolre aboat it onoe a day: 
we will, ther^ore, condude this chapter by giving certain 
reasons for believing that the Earth really does rotate 
aboat an axis and revolve abont the Son. 

That the Earth rotates aboat an axis is proved by the 
following considerations ; 

(1) It not only explains the fact of the apparrait mo- 
tions of the heavenly bodies aboat the Earth, bat accoants 
for the apparent paths of the stars being all in paraflel 
planes, and all described in the same time. If the Earth 
do not rotate we can only explain this by supposing 
the heavenly bodies to be parts of one rigid body; bat 
this supposition is inconsistent with the motions which 
the San, Moon and planets appear to have among the 
fixed stars. 

(2) By observations taken at different points of the 
Earth's surface the distance of the Sun has been deter- 
mined and is known with tolerable accuracy. Its distance 
being known, and its api)arent diameter, it is easy to cal- 
culate its volume: now the distance is no less than 92 
millions of miles, whence it can be shewn that its volume 
is about a million times that of the Earth. It seems, 
therefore, much more reasonable to suppose that the Earth 
is rotating once a day, than that such an enormous body 
as the Sun revolves about the Earth, a comparatively 
minute body, with sudh enormous rapidity as to describe 
in one day a circle having a radius of 92 millions of miles. 

Again, the stars are at distances vastly greater than 
that of the Sun ; for by observations at distant parts of 
the Earth it is known that a diameter of the Earth does 
not subtend the smallest appreciable angle at any one of 
them ; they would require, therefore, a velocity very much 
greater even than that required for the Sun. 

(3) Certain spots on the surface of the Sun have been 
observed to move across the disc from the eastern to 
the western side of it, and then disappear, the time 
occupied in crossing the disc being rather less than a 
fortnight ; after another interval of nearly a fortnight the 
spots have been observed to reappear and cross the disc 

in the same time, and so on several times over. 
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This can only be explained by supposing the Sun to rotate 
about an axis, the period of rotation being about 25 days. 

Similar observations of well-defined marks on the sur- 
faces of those planets which come sufficiently near to the 
Earth to permit of such observations have led to the 
conclusion that they rotate ; thus Venus, whose size is very 
nearly equal to that of the Earth, rotates in a period of 
23^ hours. The analogy of the Sun and planets is, there- 
fore, in favour of the supposition that the Earth rotates. 

(4) The figure of the Earth is an oblate spheroid, which 
is precisely the form which it would have taken if it 
had been at one time fluid, and had a rotation about an 
axis through its centre ; and the diameter about which it 
rotates would be the shortest; thus rotation about the 
XM>lar diameter would account for the Earth deviating 
from sphericity, and having the form which it actually 
has. 

(5) Experiments with pendulums at different points 
on the Earth's surface have proved that the variation of 
weight in different latitudes agrees with calculations based 
on the supposition that the Earth rotates about its polar 
axis. 

(6) If the earth rotates about its axis, points on the 
Earth will move faster the farther they are from the axis, 
for they will describe larger circles : hence, the top of a 
tower moves eastward in consequence of the rotation faster 
than the foot of it I( therefore, a ball be dropped from 
the top of a tower, it will have a vertical motion on account 
of the action of gravity, and in addition the horizontal mo- 
tion which it had at the top of the tower on account of the 
Earth's rotation ; this horizontal velocity being greater than 
that of the foot of the tower, it will by the time it reaches 
the ground have moved farther eastward, and will therefore 
fall a little to the east of the foot. Experiment has demon- 
strated the existence of such a deviation when a ball has 
been dropped from the top of a tower, and from the top of 
the shaft of a mine. 

(7) It is found from mechanical considerations, that 
the e^ect of the rotation of the earth on the plane of 
OBcillation of a pendulum freely suspended will be to sepsk- 
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rate the plane of the meridian from this plane at a rate 
which depends on the latitude of the place ; and given the 
latitude, the rate of separation and the angle between the 
planes after a given time can be calculated. Observations 
made with a pendulum by M. Foucault in Paris and by 
other observers in various places have confirmed the calcu- 
lated results. 

(8) To M. Foncault is due another experiment for the 
purpose of demonstrating the rotation of the Earth. It 
follows from mechanical principles that, if a body which 
is symmetrical about a certain line through its centre of 
gravity bo made to rotate about this line as axis, and if it 
be supported in such a manner that the supporting forces 
are equivalent to a force through the centre of gravity, 
and that its axis can move freely in any direction, neither 
the supporting forces nor the force of gravity will affect 
either the angular velocity of rotation or the position of the 
axis of rotation in space. M. Foucault supported a heavy 
revolving disc under the conditions we have mentioned, 
and found that the axis had an apparent motion such as it 
would have if the Earth were rotating while the axis of the 
disc retained a fixed direction in space. The revolving 
disc used in these experiments is known as the gyroscope^ 

119. Proofs cf the Earth^s annual motion round the 
Sun. 

From mere observations of the apparent motion of 
the Sun among the stars, it is impossible to infer whether 
the Earth has an orbit round the Sun, or the Sun round 
the Earth, for the phenomena would be the same on either 
hypothesis. The real proof of the annual motion of the 
Earth rests on the very accurate way in which the ap- 
parent motions of the planets are explained on this suppo- 
sition, and the rigorous agreement between the results of 
theoretical Astronomy, and of observations. 

The following considerations may be mentioned as so 
many special grounds for coming to the same conclusion. 

(1) The great size of the Sun compared to that of the 
Earth renders it easier to suppose the Earth to reyolye 
d the Sun than the contrary. 



^j^jm 



Rotation and revolution of the Earth. 96 

(2) If we assume the truth of the law of gravitatioD, 
we are left in no doubt about the matter. For, by New- 

ton, Section iii. Prop, xv., P=-^ a , where P is the peri- 

odic time in which a body describes an ellipse round a 
centre of force in the focus, a the semiaxis major -of the 
ellipse, or the mean distance, and /* the acceleration pro- 
duced by the force at distance unity, or, as it is called, 
the absolute Jbrce. 

Let, now, S, E, M be the absolute forces of the Sun, 

S E 
Earth, and Moon ; then -^ + -^ is the sum of the accelera- 
tions with which the Earth is urged to the Sun, and the 
Sun to the Earth by their mutual attractions at distance 

r: thus — 7- is the acceleration of the Earth relative to 

the Sun, that is, it is the acceleration which the Earth 
would have if the Sun were fixed and the Earth moved 
in the same manner relatively to the Sun as it actually 
does : hence the absolute force in such relative orbit would 
be S-^E. Similarly, the absolute force for the relative 
orbit of the Earth and Moon would heE+M. 

Now, the periodic times in the apparent orbits of the 
Sun and Moon are known, and their mean distances : hence, 
by the relation above given, the ratio of S-t Eio E-hM is 
known; this ratio is about 355,000 to 1. Hence ^+Jlf, 
and, d. fortiori, E, is extremely small compared with aS'+ ^; 
thus E is very small compared with S ; now the absolute 
forces are proportional to the masses ; hence the mass of the 
Earth is extremely small compared with that of the Sun, and 
therefore the centre of gravity of the Sun and Earth is near 
the centre of the Sun. Again, the centre of gravity of two 
bodies which are only acted upon by their mutual attrac- 
tions either is at rest or moves uniformly in a straight line. 
Neglecting, therefore, the small disturbances produced by 
the other bodies of the solar system, we may say, speaking 
roughly, that the Sun is either at rest or moving uniformly 
in a straight line, while the Earth describes annually an 
ellipse about it. 

(3) By Kepler's third law the planets describe ellipses 
about the Sun in periods whose squares are as the cubes 
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of their mean distances from the San ; now, the relation 
between the mean distance of the Earth firom the Smi 
and those of the phmets, is found to be jast what it 
should be according to this law, if the Earth is a planet, 
and its period a year. We therefore have reason to infer 
that the Earth is a planet and reyolves round the Sun, as 
the other planets do. 

(4) T^ assumption that the Earth moves round the 
Sun, combmed with the assumption that light moves with 
immense though finite velocity, enables us to explain 
certain observed apparent displacements of the stars, and 
to account accurately for them. 

(5) The annual motion of the Earth affords the simplest 
explanation of the stationary points and retrograde motions 
of the superior planets. 



CHAPTER V. 



ON TIME. 



120. Mean Solar Day. 

Our ideas of time are derived from the succession of 
events or phenomena ; and the most convenient phenomena 
to which we can all refer are supplied by the motions of the 
heavenly bodies. 

By means of these we get our popular ideas of a day, a 
month, and a year ; thus from the alternations of light and 
darkness caused by the rising and setting of the Sun we 
derive our idea of a day. For astronomical purposes, how- 
ever, we require a fixed epoch by which the beginning and 
the end of the day are unmistakeably marked, in order that 
we may have a starting point from which any event in the 
day may be measured. This is furnished for any given 
place by the transit of the Sun's centre over the meridian 
of the place; at the moment at which this happens, one day 
ends and the next begins. 

The interval between two successive transits of the Sun 
over the meridian is called a solar day. 

The instant of its passage is called noon. 

It is necessary to divide the day into smaller intervals. 
This is effected by means of clocks, the hands of which 
rotate uniformly a certain number of times in the course of 
the day. If a clock could be regulated so that the hands 

n 
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should always come to a given position at noon, the position 
of the hands of the clock would always indicate the time 
from noon. Since, however, the interval of time between 
successive transits of the Sun varies slightly from day to 
day, this cannot be done. 

Though the solar day is not actually of constant length, 
it has a mean or average length, than which it is never 
much shorter or much longer. This mean day may be con- 
ceived to be determined by the successive transits of an 
imaginary Sun— called the mean Sun — over the meridian, 
starting with the real Sun at some assumed epoch and 
crossing the meridian at equal intervals of time. The 
interval between successive transits of this imaginary Sun 
is called a mean solar day. 

A clock regulated to complete its period in a mean 
solar day is called a mean solar clock. 

121. Sidereal Day. 

Astronomers use besides the mean solar day another 
measure of time;, it is the interval between successive 
transits of the first point of Aries over the meridian of the 
place of observation, and begins at the instant of the tran- 
sit, and is called a sidereal day; if the first point of Aries 
were a point absolutely fixed among the stars, this interval 
would be exactly equal to the interval between successive 
transits of any fixed star, or to the period of rotation of the 
Earth. The motion of \hQ first point of Aries is, however, 
so slow, being only about 50" yearly, that no practical incon- 
venience is felt in assuming the sidereal day to be abso- 
lutely constant and to be equal to the period of rotation of 
the Earth. 

A clock regulated so as to complete its period in a side- 
real day is called a sidereal clock. 

The mean solar and sidereal days are both divided into 
twenty-four equal intervals called hours, each hour into 
sixty minutes, and each minute into sixty seconds. 

A mean solar clock should indicate 0^ 0", 0*, at the in- 
stant of mean noon, or of the passage of the mean Sun across 
the meridian; thus the astronomical mean solar day begins 
at the instant of noon of the civil day; a siderc»d dock 
should indicate 0^ 0™, 0* at the instant of the passage of 
the jRrst point of Aries across the meridian. 
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122. Motion of the Mean Sun, 

"We will now proceed to shew that the mean solar day 
is the interval between successive transits of an imaginary 
Sun, which describes the equator with the Sun's mean 
motion in longitude. 

The lengths of the solar days are unequal for two reasons : 
(1) the unequal (apparent) motion of the Sun in the ecliptic, 
the motion being greatest when the Sun is in peiigee and 
least when in apogee : (2) the non-coincidence of the ecliptic 
and the equator. For if the ecliptic coincided with the 
equator, and the Sun moved equably in it, the days would 
be of equal length; thus, if P = the period of rotation of 
the Earth expressed in terms of any unit of tim^, p the 
period of a complete revolution of the mean Sun in the 
equator, the angular separation of the meridian of any place 
from the Sun after an interval t from its transit = angle 
described by the meridian minus that described by the Sun 
in time t, 

t t 

P p 

and when this is = 2ir, the Sun will transit the meridian 
again : ' the time between successive transits is therefore 
given by the equation 

1-1 = - 
P p t' 

which gives t constant; hence, the length of the day, as 
determined by successive transits of this imaginary Sun, is 
constant. 

The day, as determined by transits of the mean Sun, 
must not only be of constant length but must be of the 
same average length as the true Solar day. The mean Sun 
must therefore describe the equator .with the Sun's msan 
motion in longitude. 

Conceive now an imaginary star to start with the Sun at 
perigee and to describe the ecliptic with the Sun's mean 
motion ; the Sun and star will be always together at apogee 
and perigee. Again, suppose, at the instant this star 
crosses the equator at the vernal equinox an imaginary Sun, 
describing the equator with the Sun's mean motion in lon- 
gitude, to be at the same equinox; it will describe iVk^ 
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equator at the same rate that the star describes the ecliptic, 
and the star and imaginary San mil be together at the 
equinoxes. The real Sun in the ecliptic is never far from 
this imaginary Sun in the equator, and moves, sometimes 
faster, sometimes slower, and the two return to the same 
positions at the completion of each revolution of the true 
Sun in its orbit. 

123. Equation qf Time. 

The noon and length of the mean solar day are deter- 
mined by the transits of the imaginary Sun in the equator, 
which is called the mean Sun. 

The meridian of any place separates uniformly from the 
mean Sun by an angular interval of 360® in twenty-four 
mean solar hours ; hence, in t mean solar hours the meridian 
will separate by an angle A^, where A^ : 360<> = t^ : 24**. 
Thus in a mean solar hour, the meridian separates from the 
mean Sun by an angle of 15®. When the angle contained 
by any two meridians, or, which is the same thing, the 
angle subtended by, the arc of the equator which they in- 
tercept, is represented in hours by dividing the number of 
degrees in it by 15, the angle is said to be reduced to time. 

Dep. If the angle between the meridian through the 
true and the mean Sun be reduced to time the result is 
called the equation of time, 

124. Equation of time due to the Sun^s unequxil 
motion, in the ecliptic, and to the obliquity. 

From the definitions of the equation of time and of the 
mean solar day it follows that, at the moment when the 
true Sun transits the meridian, the equation of time is the 
time in mean solar hours which elapses between the tran- 
sits of the true and mean Sun. 

The equation of time is considered additive when the 
mean Sun transits first ; i.e. when it is to be added to 
apparent time to get mean time ; and sttbtractive when it 
is to be subtracted from apparent time to get mean time. 

The interval of time by which the mean Sun precedes 
the true is the sum of the intervals by which the mean 
Sun precedes the imaginary star, and the star precedes 
the true Sun. Should they follow each other in a different 
order, the above statement will still be correct, if the 
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reverse order be indicated by a negative sign. Thus, if 
the star precedes the piean Sun, the interval between 
them must be subtracted instead of being added, and the 
result, if negative, would indicate that the true Sun tran- 
sits before the mean. 

The interval by which the fictitious star in the ecliptic 
precedes the true Sun would be always zero, if the Sun 
moved uniformly in the ecliptic: it is, hence, called the 
equation of time due to the Sun*8 unequal motion in the 
ecliptic; and the interval by which the mean Sun precedes 
the star, which would be always zero if the ecliptic coin- 
cided with the equator, or if there were no obliquity, is 
caUed the equation of time due to the obliquity. 

Thus, the equation of time is the algebraical sum of the 
parts of it due to the unequal motion and to the obliquity. 

The equation of time is given in the Nautical Almanac 
for mean, and apparent, noon of each day in the year. 
Its greatest value is rather more than 16 minutes. 

• 125. The equation of time vanishes four times a 
year, 

"We now proceed to explain the variations of the equa- 
tion of time in the course of a year. In order to do this 
we must consider 

(1) The interval of time between the transits of the 
true Sun and the fictitious star in the ecliptic, and 

(2) The interval between the transits of the star and 
the mean Sun. 

(1) Since, by Kepler's first law, the Earth describes 
about the Sun equal areas in equal times, its angular 
velocity about the Sun will be greatest at its least distance, 
and least at its greatest: in other words, the apparent 
orbital motion of the Sun will be greatest in perigee and 
least in apogee; its mean value will therefore be less than 
that in perigee and greater than that in apogee. 

The true Sun will therefore be ahead of the star from 
perigee to apogee, and they will be together again in 
ai)ogee. Hence, any meridian of the Earth will, by the 
diurnal motion of the Earth from west to east — which is 
also the direction of the Sun's orbital motion — ^be made 
to pass through the star before the Sun ; or the star will 
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transit before the true Sun from perigee to apogee. So 
it may be shewn that the star will transit after the true 
Sun from apogee to perigee. Hencei the equation of time 
due to the Sun's unequal motion is additive from perigee 
to apogee, and subtractive from apogee to perigee, and 
vanishes at perigee and apogee. 

(2) Let Sy 8 be simultaneous positions of the fictitious 
star in the ecliptic and the mean Sun in the equator, when 
the star is between the vernal equinox A 
and the summer solstice B\S\9^ simulta- 
neous positions of them when the star is 
between the summer solstice and the 
autumnal equinox (7. Take Ah on the 
ecliptic =-<4jB=90^ so that A is the pole 
of hB, and hB is perpendicular to the 
equator. Draw the arcs Sr, S'r^ per- 
pendicular to the equator: then, in the 
right-angled triangle ASr, the hypothe- 
uuse AS, which is equal to As, is greater 
than the side Ar. Hence any meridian 
of the Earth in its diurnal motion from 
west to east, which is in the direction of 
the Sun*s orbital motion, will pass through 
Sr before 8\ thus the mean Sun transits 
qfter the star; when the star and mean 
Sun arrive at h and B they are on the 
meridian together. 

Again, CS' is greater than Cr', and 
is equal to C?'; hence, the meridian will 
pass through / before S^r^; or the mean 
Sun will transit htfore the star. Thus, 
between the vernal equinox and summer 
solstice the equation of time due to the 
obliquity is subtractive, and additive be- 
tween the summer solstice and autumnal 
equinox. By reasoning in the same way 
with regard to the other half of the Sun*s 
orbit, we shall find that when the Sun is 
moving from either equinox to the succeeding solstice, the 
star transits first, or the equation of time due to the 
obiiguity is subtractive; and when it is moving from either 
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solstice to the succeeding equinox, the equation. of time 
due to the obliquity is additive. 

If the mean Sun transits first, the fictitious star next, 
and the true Sun last, the equation of time and its com- 
ponent parts are all additive. Thus, when the Sun is 
between perigee p and apogee a, fig. (I.), the interval 
between the Sun and star, or the equation of time due 
to the Sun's unequal motion, is positive; between a and p 
it is negative. 

Fig. I. 




Fig. n. 




Again, in fig. (II.), A is the position of the Sun at the 
yemal equinox ; B at the summer solstice, which at the 
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present .time just precedes apogee: C is the autumnal 
equinox and D the winter solstice. 

The interval between the star and the mean Sun is 
positive from 2> to ^ and from B to C, and negative from 
^ to ^ and from C to D. Thus, by comparing figs. (I.) 
and (II.), we see that the whole equation of time is posi- 
tive from B to a and from p to Ay and negative from G 
to 2>: as represented in fig. (III.): it must therefore vanish 




when the Sun is somewhere between a and C and between 
D and p ; again, since the interval between the star and 
mean Sun vanishes at A and B, at some point M between 
A and B, this interval, which is the equation of time due 
to the obliquity and is negative, is a maximum ; and this 
maximum is known to be greater than the maximum 
equation of time due to the unequal motion ; hence at M 
the whole equation of time is negative : and it is positive at 
A and B; therefore it vanishes once between A and Jf, 
and once between M and B. 

Thus, altogether, the equation of time vanishes four 
times in the course of a year. 

126. Facts to be remembered. 

The student is reconmiended to make himself thoroughly 
familiar with the following facts, in remembering which 
consists the chief difficulty of the foregoing proposition. 
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FjisUt, Uie eq(ttii<Hi of time is coDsidered additiee 
when the mean Sun tmudts firat; or, in the caae of the 
equation dne to tho oneqaal motion i«l;, ichen tite ficti- 
tions itar in Uie ecHplic tmuite first. 
In other wards, the equation of time A 

is adiM to Uie ■{f«rent time to j^t 
the mean, when it is additive, and 
subtracted when it is snbtraclaTe. 

Secondlj, the sammo' sobtice 
occors gborti; before apogee ; — the 
Snn is in the sammer solstice on the 
SlBt of Jane, and in apogee on the 
29th of June. 

Thirdly, the equation of time due 
to the obliqnil; is greater than that 
due to the unequal motion. 

127. Variation of equation <jf 
time during a year repretented 
graphically. 

The TarialioQ in the equation of 
time throughout the year may be re- 
preBwted gr^hically by taking a line 
AA' to r^resent tiie time elapsed 
between succeasiTe arrirals of the Sun 
at the vernal equinox: the tjme is 
divided into four parts by the points 
B, C, D, which repreBent respectively 
the instants of the sommer solstice, 
autumnal equinox, and winter solstice. 

Lines are drawn perpendicular to 
AA', representing in magnitude the 
equation of time due to the obliquity, 
and drawn to the right of A A' when 
the equation is additive, and to the left 
when subtractire. Their extremities 
form the curve through A, B, C, D, A'. ~ 

Again, lines are drawn in the same manner represent- 
ing on the same scale the equation of time due to the 
unequal motion. Their extremitira form a cnrve passing 
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through F and O which mark the instants of apogee and 
perigee. 

The actual equation of time at any instant is found by 
adding the lines perpendicular to AA\ through the point 
on AA' to which the time corresponds, terminated by the 
curves; each line being taken with its proper sign. 

It is easily seen that at two times between A and B, 
marked by a and ly the parts of the equation of time are 
equal and of opposite sign ; at these instants therefore the 
equation of time vanishes; it will also be seen that it 
vanishes once between F and (7, and once between D and 
0\ thus it vanishes four times in the year. 

The days on which the equation of time vanishes are 
April 15, June 15, August 31, and December 24. 

When the position of the true Sun with respect to 
perigee is given, the position of the imaginary star which 
started with the Sun at perigee, is known with reference 
to the position of perigee. And the position of the ima- 
ginary star being known, that of the imaginary Sun, which 
starts with the star at the vernal equinox, is known with 
reference to the position of the vernal equinox. 

Thus, if the position of perigee were fixed with refer- 
ence to the vernal equinox, the real Sun and the imaginary 
Sun would both return to precisely the same positions 
with respect to the equinox after a complete revolution. 

Speaking accurately, neither the perigee nor the vernal 
equinox is fixed; but perigee has a progressive motion, Le. 
a motion in the direction of the Sun's orbital motion, in 
the plane of the ecliptic, of about 11^' yearly, and the 
vernal equinox has a retrograde motion of about 50'^ By 
the combination of these motions, therefore, perigee sepa- 
rates from the vernal equinox, in the direction of the 
Sun's motion, at the rate of about 61'^ yearly. 

This very minute motion can perceptibly affect the 
positions inter se of the real and imaginary Sun and the 
vernal equinox only after the lapse of a great number of 
years. 

123. Mean tropical year. 

The apparent course of the Sun's centre among the 
atars is a great circle called the ecliptic, meeting the 
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equator in two points. The point which the Sun's centre 
occupies when its declination changes from south to north 
is, (Chapter I. Art 25), called the first point of Aries. This 
point, as has been explained, is not fixed on the equator, 
nor does it coincide with a point on the ecliptic at a 
fixed distance from pengea Hence, the interval between 
successive arrivals of the Sun at this point is different, 
both from the interval between its successive arrivals 
at a declination-circle passing through a fixed point, and 
also from the interval between its successive arrivals at 
perigee. 

The interval of time between successive arrivals of the 
Sun's centre at the first point of Aries is called a tropical 
year. It is, in fact, the time in which the Sun moves in 
R.A. through 360*. 

The tropical year is not accurately of constant length 
on account of the motion of the first point of Aries not 
being quite uniform. Its variations are, however, minute 
and periodic; it will therefore have a mean value. This 
mean value is found by comparing with recent observations 
of the Sun observations made many years back. His 
motion in R.A. in the interval between the observations 
may thus be found. Hence, assuming his motion in R.A. 
to be uniform, the interval of time corresponding to a 
change in R. A. of 360^ can be found by a simple proportion. 

In this way the length of a mean tropical year is found 
to be 365*242218 mean solar days. 

# 
129. ITis Calendar, 

It is impossible practically to employ a fractional num- 
ber of days in a year. The nearest integral number of days 
is 365 : if this were adopted as the length of the year, we 
should make an error of nearly a quarter of a day each 
year, so that in four years the vernal equinox would fall one 
day later, and in a century twenty-five days or nearly a 
month. By the accumulation of this error, therefore, the 
seasons would in the course of time recur at quite differ- 
ent times of the year. 

It was in consequence of this inconvenience, that, about 
45 B.O., Julius Osesar made a year to consist of 365 days, 
but intercalated a day every fourth year, in February. This 
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alteration of the Calendar is called the Julian correction. 
The year on which the day is intercalated is called leap- 
year. 

The Julian correction supposes the year to consist of 
365 days and a quarter; or of 365*25 days. This is too great 

3*1128 
by *007782 of a year ; and this fraction is equal to of 

a year. Thus in 400 years the vernal equinox would fail 
rather more than three days earlier. 

In order to correct, and prevent the recurrence of, this 
error, Pope Gregory XIII. in the year 1582 caused ten days 
(the amount of the error accumulated since the council of 
. Nice in 325) to be omitted after the 4th of October, so that 
next year the vernal equinox occurred on the same day as 
it had done in the year 325, namely, March 21; and he 
caused three days to be omitted every 400 years, by order- 
ing that the leap-year which occurred at the completion of 
every century not divisible by 400 should be henceforth a 
common year. Thus, 1700, 1800, 1900 are common years: 
but 2000 is a leap-year. 

This correction — called the Gregorian correction — ^was 
adopted in England in the year 1752. 

130. Sidereal day; sidereal year; anomalistic year. 

Since the mean Sun describes the equator with the true 
Sun's mean motion, the interval between successive pas- 
sages of it through the first point of Aries is the mean 
tropical year, or 365242218 mean solar daysw In one mean 
solar day, therefore, the mean Sun describes an arc of the 

equator = ^^^^j^, which is =59', 8*33''. Thus, in a 

mean solar day a meridian of the Earth moves through an 
angle =360®, 59', 8*33" : whereas in a sidereal day it moves 
through 360*. We can hence compare the lengths of a 
mean solar and a sidereal day ; or, which is the same thing, 
of a mean solar and a sidereal hour, minute, or second. 
For a sidereal day is less than a mean solar day in the 
ratio of 360<> to 360®, 59', 833", or about 1 to 10027 ; this 
gives, for the length of a sidereal day, 23^ 56"* of mean 
time. 

A sidereal year is the interval between successive tran- 
sits of the Sun over a fixed declination-circle, i,6, over one 
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which meets the ecliptic in a fixed point. The first point 
of Aries (Chap. VII.), describes in a mean tropical year an 
arc on the ecliptic of 50*23". Thus in a mean tropical year 
a declination-circle through the Sim moves through an 
angle of 360*— 60*23", whereas in a sidereal year it moves 
through an angle of 360^ Also the motion of the first 
point of Aries is totoard the Sun ; hence, a mean tropical 
year is less than a mean sidereal year in the ratio of 
360<>- 60*23" to 360<», or about 1 to 1-000038. 

Again^ there is a third kind of year,called the anomalistic 
year; — ^being the interval between successive passages of 
the Sim through apogee, or perigee. Apogee moves for- 
toardf i.e. in the direction of the Sun's motion through 
. 11'25" per year. Thus the sidereal year is less than an 
anomalistic year in the ratio of 360<> to 360<>, 0', 11*25", or 
about 1 to 1*0000087. 

131. Apparent loss or gain of a day in going round 
the Earth, 

By the motion of the mean Sun in its diurnal circle it 
comes consecutively over each meridian of the Earth. The 
absolute time of mean noon will therefore differ at differ- 
ent places. Thus, mean noon at a place west of Greenwich 
is later, and at a place east is earlier than at Greenwich. 
And this interval between the absolute times of mean noon 
at any two places is proportional to the angle by which any 
fixed meridian of the Earth has separated from a meridian 
through the Sun, i.e. to the difference of longitude of the 
places: the interval amounting to 24 hours for a difference 
of 360<» of longitude. 

Suppose, now, a man to start from the meridian of 
Greenwich westward; his mean noon will be every day 
later than at Greenwich by an amount proportional to the 
longitude of the place he has arrived at. When he has got 
half-way round the Earth his noon will occu|^ twelve hours 
after the Greenwich noon. Hence, if he carries a chro- 
nometer, keeping Greenwich mean solar time, his chro- 
nometer will indicate mean noon, before the local mean 
noon of the place he has arrived at; and when he is half- 
way round the Earth, the mean noon by his chronometer 
will precede the local mean moon by 12 hours. If he con- 
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tinues his journey in the same direction till he has made a 
complete circuit and arrives at Greenwich again, his chro- 
nometer will have gained 12 hours more; i.e. it will have 
gained 24 hours or 9ne mean Solar day: in fiact the man 
will have had a number of complete days reckoned by 
intervals of transit of the mean Sun over his meridian, less 
by one than the number reckoned by intervals of transit 
over the meridian of Greenwich. He will therefore Seem 
to have lost a day. Similarly, if he travelled round the 
Earth from west eastward, he would appear to have gained 
a day. 

132. Equinoctial time. 

Mean solar and sidereal noon both have reference to the 
place of observation ; and the absolute time of noon is dif- 
ferent at dijQTerent places. It is convenient sometimes to 
have an epoch of time which shall be quite indep^ident of 
the place of observation : such an epoch is furnished by the 
time of the Sim's arrival at the vernal equinox in a given 
year. 

The interval of time reckoned in mean solar days, hours, 
and minutes between this epoch and any succeeding interval 
of time is called the equinoctial time at that instant, 

133. Determination of clock-error. 

In a fixed observatory where there is a transit instru- 
ment whose line of coUimation moves in the plane of the 
meridian, and a sidereal clock, we have the sidereal time if 
we know the error of the clock. For the purpose of deter- 
mining the clock-error, we may observe the time of transit 
by the clock either of the Sun, or of one of the 100 stars 
whose right ascensions are given in the Nautical Almanac 
for every day of the year. For the R.A. of one of these 
stars converted into degrees and fractions of a degree will 
give, by dividing by 15, the number of sidereal hours and 
parts of a sidereal hour which, at the instant of the star's 
transit, have elapsed since the transit of the first point of 
Aries. 

The dijQTerence between the time so given and the time 
shewn by the clock is the clock-error. If the Sun be ob- 
served, we may in a similar manner, after applying the 
equation of time, obtain the error of a mean solar dock. 
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134. To convert sidereal into mean time and vice 
versd. 

We have shewn above how to convert any given interval 
of sidereal time into the corresponding interval of mean 
solar time, and vice versd (Art. 130). If, however, we wish 
to find from the sidereal time of any phenomenon the cor- 
responding mean time or vice versd, we must proceed as 
follows : 

(1) To convert a given sidereal time into the corre^ 
spending mean time. 

For this purpose the Nautical Almanac gives every day 
of the year the mean time of sidereal noon, i.e. of the transit 
of the first point of Aries. 

Now the mean time required is the sum of the mean 
time of the preceding sidereal noon and of the mterval in 
mean time elapsed since sidereal noon or corresponding to 
the given sidereal time. We have therefore to extract 
from the Nautical Almanac the mean time of the preceding 
sidereal noon, and add the mean interval corresponding to 
the given sidereal time. 

The sum is the mean time required. 

(2) To convert a given mean time into sidereal time. 
The Nautical Almanac gives for every day of the year 

the sidereal tim e of mean noon. Adding this to the sidereal 
mterval corresponding to the given mean time we get the 
sidereal time required. 



CHAPTER VL 

ON THE CORRECTIONS TO BE APPLIED TO THE 
OBSERVED PLACES OP THE HEAVENLY 
BODIES, ON ACCOUNT OP THE POSITION OP 
THE OBSERVER ON THE SURFACE OF THE 
EARTH, AND OF THE PROPERTIES OF LIGHT. 



135. Corrections to the observed places. 

In order to compare with each other obseryations 
made at diJQTerent times and places, it is necessary to know 
both the motions of the points and planes to which the 
places of the heavenly bodies are referred, so that the 
places which they occupied at a given epoch may be 
known ; and also the variations in the apparent directions 
of the bodies due to variations in the observer's position. 
When these are known, we are enabled to compare the 
places of the stars and other bodies with each other as 
seen at a given time and from a given position. 

The apparent place of a body varies at different times 
and places on account of the position of the observer on 
the Earth's surface, of the properties of light, and of the 
change in direction of the Earth's axis. 

On account of all these causes corrections have to be 
applied to the observed positions of the heavenly bodies. 

In the present chapter we shall discuss the corrections 
on account of the properties of light and of the observer's 
position on the Earth ; and in the next chapter, those due 
to the motion of the Earth's axis. 

The direction in which a star is seen is determined by 
drawing a straight line through the eye in such a direction 
that at the instant when the Ught from the star arrives at 
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the eye the light is moying along that straight line. If 
during the whole of its course from the star the light has 
been advancing to the eye along the straight line drawn 
from the eye to the star,^ the star will be seen in the 
direction of this straight line. This however is not the 
case for two reasons : the first is, that the Earth and the 
observer with it are moving in space; light also movei^ 
with a imiform and finite though immense velocity ; so that 
if light proceed from a star in the direction of a line drawn 
from the star to the observer's eye it will be left behind by 
the Earth and not reach the observer's eye at all. The 
second reason is that the Earth is surrounded by an at- 
mosphere extending some miles above the surface; this 
atmosphere is of varying density, being most dense at the 
surface and rarer the higher we ascend in it; and thus 
light from a star will not in general describe a straight 
line, its path being bent or refracted in its passage through 
the atmosphere. 

The correction to be applied to a star's place on ac- 
count of the atmosphere is called Refraction; and the 
other correction, due to the motion of the Earth and of 
light, is called Aberration. 

REFRACTION. 
136. Effect of refraction on the apparent position of 
a star. 

If the Earth were at rest and were of the same tempe- 
rature throughout its surface, the atmosphere would dt 
every point of the surface have the same pressure and 




temperature ; and at equal distances above the surface the 
pressure and temperature would be the same, and thus 
the atmosphere would arrange itself in spherical sur£Eices 
all concentric with the Earth, and each having the samA 
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pressure and temperature throughout. On account of the 
unequal distribution of the Sun's heat through the atmo- 
sphere and of the rotation of the Earth, the atmospheric 
pressure and the temperature are different at differeift 
points on the Earth's surface; allowance may however be 
made for this cause of difference, and the refraction then 
calculated as if each of the concentric layers were 6f 
nnifortn temperature and pressure. We shall, therefore, 
for our present purpose assume that at all equal heights 
aboye the Earth's surface the tempeiirature and pressure 
are the same. Now the height of the atmosphere is not 
more than a small proportion of the radius of the Earth ; 
if therefore a ray SD from a star S reaches the atmosphere 
at />, and the eye of an observer at A, it is clear that, ex- 
cept for great zenith-distances, the distance AD must bear 
a very small ratio to the radius of the Earth ; and the cur- 
vature of the strata through which the ray passes will be 
almost insignificant. If then we suppose the ray to be jmiss- 
ing through layers of air contained between planes parallel 
to the horizon at ^, we shall get a result which, for zenith- 
distances not very great, will be tolerably accurate ; — these 
layers being supposed indefinitely thin, and each of them 
of the same density throughout. 

.Now the whole deviation of a ray passing through 
parallel layers is, by a known optical principle, the same as 
k the ray had passed directly from vacuum into the last of 
them. 

Let, then, fi be the index of refraction fr^m vacuum into 
the kir at the Earth's surface 
at ^ ; aS' the star, AS' the di- 
rection of the ray at A ; then, 
lSAS' is the refraction; let 
this =r: and let LSTAZ^the 
apparent zenith-distance, =z: 
if the ray had been refracted 
directly from vacuum into the 
air at ^, we should have had 
for the refraction 

sin (z + r) = fisinz ...(1) ; 
and this, by what has been 
said, will be the formula re- 
quired in the actual case. 
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Since r is small, we have from (1) approximiatelj^ 
sinis^ + rcos;2r= fi sin z; 
,\r = (ft-1) tajLZf 
r being the refraction in circular measure; if r^' be tbjO 
number oi seconds in the refraction, 

r ft— 1 



r"= 



iXD.Z^ 



sinr*"8inl" 

or r^ = a tan z, where a is a constant 
The effect of refraction is, therefore, to raise the position 
of a star nearer to the zenith, in the vertical plane through 
the star, by an angle which varies as the tangent of the 
apparent zenith-distance. 

137. To determine the coefficient qf reaction. 

We shall now shew how the constant a, which is 'called 
the coefficient qf refraction, may be determined. 

This is done by observation of 2^ 
drcumpolar stars, i»e. of stars very 
near the pole. 

Let P be the pole, Z the zenith, 
9 and / the points in which the 
diurnal circle of a circumpolar star 
meets the meridian ; then sP = /P. 

An observer at A will however 
see the star in a position nearer Z 
by the angle through which it is 
raised by refraction. j^ 

Hence, i£ zhe the observed zenith-distance of s, 

Zs = z + a tan z ; 
so, if ;2^ be the observed zenith-distance of «', 

Zs^ = z" -^ a tan z". 

But Zs = ZP^Ps, 

and Zs' = ZP + Ps; for P/ = Ps; 
.'. ;2r+a tan;2f + y+atan;8!' = Zs-^Z/ = 2ZP. 

So, if another star be observed and have for its observed 
zenith-distances Zi and z^, 

^1 + a tan ;2fi + ;2Ji' + a tan ;?!' - 2ZP. 

Equating these two values of 2ZP, we have 
z + 2r' + a(tan;2r+tan4;')=^i+;8^' + o(tan;r|,+taa«^\ 
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from which equation a may be calculated. By nmneroas 
observations a has been determined to be=67'5". 

The refraction, it must be remembered, is in most cases 
yery small, being, at an altitude of 45^, rather less than l\ 

The above formula for refraction, though a fair approxi- 
mation, is by no means sufficiently accurate for Astronomi- 
cal purposes; but it may serve to illustrate the way in 
which allowance is made for it in obtaining the true place 
of a star from the apparent^ and vice versd. 

138. Tables of refraction. 

Instead of finding the value of tan z for each observa- 
tion, and multiplying it by its coefficient a, the values of 
tan z, or rather of the function which stands in its place in 
the rigorous investigation, are found for every degree of 
ftngle Arom 0^ to 90^. Each of the values so foimd, being 
multiplied by the Constant of Refraction, gives the corre- 
sponding Refraction. We are thus enabled to form a TMe 
of Refractions, In practice it is necessary, since the re- 
fraction becomes more irregular the greater ;2r is, to tabulate 
the refraction for intervals of less than a degree for zenith- 
distances greater than a certain angle. 

The Tables of Refraction now generally used are those 
of the illustrious Bessel. They give the refraction fof 
temperature 50® F. and pressure 29*6 inches for enery degree 
of zenith-distance from 0® to 35®; from 35® to 54!^ for every 
3(/; and for still smaller intervals for angles below 54^; for 
altitudes less than 10® the refraction is given ^br every 5'. 
There are also tables giving the corrections to be applied 
to each refraction for a temperature and pressure different 
from those taken as the standard. 

139. Various effects of r^racti(m. Twilight- 

Since by refraction the zenith-distances of all the 
heavenly bodies are diminished, they all are seen on the 
horizon before the actual time of rising, and after the actual 
time of setting. The whole x>eriod during which they ap- 
pear above the horizon is thus increased. For example, 
the Sun appears above the horizon a short time after it has 
actually set 

When the Sun is near the horizon, it appears of an oyal 
shape, its circumference being somewhat in the form of an 
fiUipse whose least axis is vertical. This arises from the 
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&ct that, the refraction being greater the greater the 
zenith-distance, the lower limb of the Sun is more rt^Bed 
Uian the upper ; tbe effect being a contraction of all Tortical 
liaes on its apparent surfoce, while the horizontal lines are. 
near); unaltered. 

Another effect dna to the Earth's atmoBphere is that, 
even when the Sun is below the horizon, rajs from the Son 
will pass through and illuminate that part of the atmo~ 
sphere which is above the observer's horizon. By thia 
direct illumination of tbe atmosphere by the Sun, and by 
the reflexion from particles floating in the atmosphere, the 
Sun's light still remains for some time after sunset. This 
effect is called twilight. It is found that twilight lasts at 
an; place during the time wliich elapses between sunset 
and the arrival of the Bun at a position on its diurnal circle 
18° of zenith-distance below the horizon of the place. 
ABERRATION. 

140. Amount and co^dent qf aberration for itar». 

We now proceed to the correction called Alyerratwm i 
this correction is due to the motion of the Earth and of 
light; in virtue of which two motions the line joining the 
observer's eye and the star is not the direction in which 
light comes to him from the star. 

To estimate the amount of aberration for any star. 

Let BC he the tangent to the Earth's orbit at 6 : £6 an 
arc of the orbit described in a 
»nall interval of time, say 1 
second; tbeu Bb may be con- 
sidered to coincide with the 
tangent at b, and to be de- 
scribed uniformly with the ve- 
lodty the Earth has at b. 
Also let ai be the direction 
of the ray &om a star which 
arrives at the observer's eye 
at b ; the light having arrived 
at a when the Earth was at ^. 
Then, we can shew that a line 
through the observer's eye 

parallel to aB will, as the ob- -^^ 

lerver is carried by the Garth from .S to (, be the direc- 
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tion in which light comes firom a to his eye while he is 
moving from B through b. 

For, let ^a'be any intermediate position of ^a> cutting 
haiaa^i then, 

£B'_bB relodty of the Earth , 
€M^ ^ba" velocity of light 

and therefore ctc^ is described by the light in the same 
time as BB" by the Earth ; and thus the light continually 
arrives simultaneously at successive points of the fixed line 
ab, and of the line aB — ^which is fixed with respect to the 
observer, but is carried on with him by the Earth's motion. 

Hence the Ene Ab is the straight line drawn from the 
observer's eye along whidi the light from the star moves 
at the instant of arriving at his eye. It is therefore the 
direction in which the star is seen. 

The actual direction of the star is ba; that is, the direc- 
tion of the sioTWcis baat the instant the light l^ it which 
reaches the observer at b: and the apparent direction is 
tAy drawn parallel to Ba, The aberration is therefore the 
angle Aba, which is equal to the angle boB: and 
sin baB _bB _ velocity of the Earth 
sin CBa ~ ba" velocity of light 
whence, since the abearation is always very small, 

, . . veL of Earth . ^-, 
aberration = — = — ^ ,. , . . sm CBa 
vel. of light 

in circular measure; hence the number of seconds in it 

veL of Earth ^GB a 

~ vel. of light * sin 1" * 

The angle CBa made by the direction of the Earth's 
motion with the direction of the star is called the Earth's 
voay: hence the aberration varies as the sine of the Earth's 
way, and is greatest when this angle is 90^. Thus at the 
pole of the ecliptic the aberration has its greatest value 
in all positions of the Earth in the ecliptic. 

The constant multiplier is called the coefficient of 
Aberration. 

141. Aberraiion for Sun, Moon, and planets. 

In the case of the Sun, Moon, or a planet, we caD 
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obtain the whole correction for aberration; ie. from the 
apparent place wo can find the actual place at the inttant 
qfcbiervation. For, in the figure we ma; suppoBe a to be 
the actual position of the bod; — a planet, suppose — at the 
moment when the ra; atarta from it which reaches ttie 
obserrer at b, and Bh the small arc described by the Earth 
is the time the ra; takes in describing ab. 

Sow let A' be the actual place of the planet at the 
instant of obsermtion. Then ^ ,a 
hA' ia the true direction of \ 

the planet when the Earth \ \\ i^ 

is at h\ and bA, parallel to 
Ba, is, b; what precedes, 
the direction in which it 
ia seen. The whole aber- 
ration is therefore equal to 
the angle AhA' \ but this 
angle ia equal to the angle 
between hA and aB, which 
is the angle between the 
positions of the line joinii^ 
the Earth and the planet ^ 
at the instant of obserration and at the inatant when the 
pltuiet was at a: and in this iaterral light has travelled 
from the planet to the Earth. 

Now light travels over a space equal to a radius of the 
Earth's orbit in 8'. 18*. If the Sun, therefore, be the 
body, the Sun's apparent direction is the direction it really 
had 8*. 18' previous!;; if the Moon, of a planet whose 
distance from the Earth, in terms of the Son's distance 
as unity, is 2>, it ia the direction it had 8'. 18* x i) pre- 
viously. If therefore f be the time of observation, and 
f =(+8". Iff X D, the observation will give the true place 
for the time t. In order to correct, therefore, the place 
of the Sun, Moon, or any planet for aberration, no have 
eimply to correct the time of the observation by the 
interval 8". 18*xi>. 

Since the motion of the Earth as well aa of the planet 
must be taken into account, the position of the planet must 
be referred to the Earth as origin. The result will be the 
true geocentric place at the time so corrected. 
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142. Effect qf aberration on the apparent position qf 
a star in the course qfa pear. 

We will now explain the effects of aberration on the 
apparent place of a star in the course of a year. 

The place of a star, when corrected for aberration, 
is (Art. 140) the place it occupied some time before the 
observation ; the interval of time being such that during 
that interval light travels the distance of the star from the 
Earth. We will suppose that the true or corrected place 
will not change in the course of the year : that the star in 
fact is so distant that lines joining its position at any time 
with all points in the Earth's orbit may be considered 
parallel; this is the same as saying that the star has no 
sensible annual parallax (Art. 160). If the star has a 
parallax, the eJQTect of it on the place of the star can be 
separately allowed for. 

From Art. 140 it is seen that the star is depressed by 
aberration towards the direction of the Earth's motion, in 
the plane through that direction and the star; assuming 
the Earth^s orbit to subtend no appreciable angle at the 
star, we may take this plane to coincide with a plane 
through the star and a line through the Sun parallel to the 
Earth's direction of motion. 

Let, now, £ be the position of the Earth in its orbit at 
any time, S the true place of a star. CD a diameter of the 




Earth's orbit (which we shall suppose circular) parallel to 
the tangent at E: then JS is displaced to s, on the great 
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circle of the celestial sphere formed by its intersection with 
a plane through CD and 8-, and s is between S and G, 
As E moves round the orbit, CD revolves in the plane of 
the orbit through 360^, and 8 moves round S\SlX CD comes 
back to its original position: 8 will then be in its old 
position, having described a closed curve about S. 

Since (Art. 140) aberration varies as the sine of the 
Earth's way, the angle SOs varies as sin /S'OC,— the direc- 
tion of the star from being supposed identical with that 
from E^ or the star being considered infinitely distant; — thus 
the aberration will vary with the position of the star, and 
also with the position of the Earth in its orbit, being 
greatest when the direction of the Earth's motion is per- 
pendicular to the direction of the star. 

143. Discovery of aberration by Bradley. 

We will now briefly describe the process by which 
Bradley in the year 1726 detected and explained this 
apparent motion of the stars. 

He was making observations, in the plane of the 
meridian, of a star called y Draconis, for the purpose of 
detecting, if possible, annual parallax. This star was chosen 
because it was a bright star and passed the meridian within 
an angle of a few minutes to the south of his zenith ; re- 
fraction was consequently extremely minute, and therefore 
any error to which it was liable must have been too small 
to alSect the result of his observation. The star was also 
very nearly in the solsticial colure, and distant from the 
pole of the ecliptic— where the aberration is greatest — 
only 15^ 

In the figure (next page), let it be the pole of the ecliptic, 
P of the equator, S the star, Tt the intersection of the 
solsticial colure with the ecliptic. Then, when the Earth is 
at T, the Sun is seen in direction Tt at its greatest distance 
from the pole P; and when the Earth is at t, it is seen 
nearest P. Hence T and t are respectively the positions 
of the Earth at the winter and summer solstices. So Y 
and i^ (90^ from T and t), are the positions of the Earth 
when the Sun is at the autumnal and vernal equinoxes. 

Let the small curve which the apparent place of the 
star describes about /S'meet the solsticial colure in 8 and «^\ 
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then 8, / sre the apparent places of the star when the 
Earth is at Y, :£h ; and as the Earth moves through Y in 



<Y> 




direction of the arrow-head, a moves round S along the 
circumference of its aberration-curve. When the Earth is 
at Y it is moving in a direction parallel to ^2^, and the star 
is then seen at s ; and as the Earth moves in its orbit s moves 
along its curve in a direction perpendicular to the plane 
TPt. At T and t the apparent places of the star are the 
points of intersection of the plane XS^ with the aberra- 
tion-curve; and the apparent motion of the star is then 
parallel to the plane TPt; thus when the Earth is at either 
solstice the apparent change of N.P.D. of the star on account 
of aberration is most rapid. Similarly it may be shewn 
that when the Earth is at either equinox the change of 
N.P.D. of the star is least. 

Bradley observed the star first of all in December, 1725, 
when the Sun was near the winter solstice; the Earth was 
therefore near T, and the apparent motion of the star in 
N.P.D. was most rapid. His observations were made with 
a zenith-sector, which gave him the star's meridian zenith- 
distance for every transit of the star. Since the star's 
apparent N.P.I>. was daily increasing, the zenith-distance 
was increasing, and the star at each successive transit was 
found to move more and more towards the south: this 
went on till about the beginning of March, 1726, when the 
Earth being near ^ the star iq[>peared near /. After 
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that its N.P.D. fdtered very slowly and it appeared nearly 
stationary. About the middle of March its fr.P.D. dimin- 
ished, and the star appeared to more backwards towards 
the north until September, when it remained nearly 
stationary for some days ; it then moyed back again, till in 
December it returned to the position in which it was when 
Bradley first observed it It was shewn by Bradley that 
all these motions could be accounted for by aberration with 
tolerable accuracy, assuming as a coefficient of aberration 
20*25"^ He was induced to disregard the hypothesis of 
annual parallax by observing that the change of N.P.B. of 
the star was greatest when it would have been least if 
parallax had been the cause, and vice versd. 

For further information the student is referred to 
Grant's History of Physical Astronomy, page 336. 

144. Aberrationrcurve an ellipse. 

The aberration-curve can easily be shewn to be ap- 
proximately an ellipse with S as centre, and »s^ as minor 

bJS 
axia For since, (Art 140) t- is a nearly constant ratio, 

the velocity of the Earth in its orbit being nearly constant^ 
any section, parallel to the ecliptic, of the cone described 
by bA about ^ is a circle: and we may consider the 
section of this cone by the celestial sphere as approxi- 
mately a plane section, and therefore, in general, an 
ellipse. Also, the angle SOt is the least of the angles 
which SO makes with lines in the plane of the ecliptic: 
hence the aberrations in the plane TSt are the least, and 
ss' is the minor axis of the aberration-ellipse. 

146. Velocity of light ascertained from eclipses of 
Jupiter^s satellites. 

Before the discovery of aberration, it had been observed 
that the eclipses of Jupiter's satellites occurred sometimes 
earlier and sometimes later than the time calculated. 
Romer, to accoimt for this phenomenon, had assumed 
that this was due to the less or greater time taken by the 
light to come from Jupiter to the Earth, according to its 
distance; the distance being least when Jupiter was in 
opposition, and greatest when in conjunction with the 
8un. The uniform velocity of light which Bdmer was 
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obliged to assume to reconcile the observed times of the 
eclipses with the calculated times, when substituted in the 
expression for aberration, gives the same value for the 
coefficient as that obtained by Bradley by the observations 
of y Draconis, thus confirming, from quite independent 
condiderations, the theory of aberration by which Bradley 
explained the apparent motion of that star. 

146. Diurnal aberration. 

In discussing the aberrations of stars we have hitherto 
taken account only of the orbital motion of the Earth: we 
must however combine with the aberration so obtained a 
small correction due to the Earth's diurnal motion. This 
will be different for different latitudes on the Earth's 
surface. It is called the diurnal aberration; its effect on 
a star, at the time of transit, is to displace it in a direction 
perpendicular to the meridian. 

To calculate the coefficient of diurnal aberration for a 
given latitude X. 

Let r be the Earth's radius; a that of the Earth's 
orbit : then, since a place in latitude X describes a circle of 
radius = r cos X, in one revolution of the Earth, we have, 
taking a second as the unit of time, 

,..-., , 2^rrcosX 

velocity of the place = — — — — — - , 

velocity of light =^^^gj^g, 
a^= 206265; 

*^i = 23^60 °^^y' 
.*. coefficient of diurnal aberration 
_ 206265 27r x 498 
~ 23760 * 86400 ^^ 
= 0*3'' cos X nearly. 

PARALLAX 

147. General effect qf parallax. 

The direction in which a star is seen by an observer on 
the Earth*s surface would, if the stars were not at an 
immeasurable distance^ be appreciably different when the 
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star is seen from different points on the Earth's sur&ce; 
and it would therefore be necessary to refer them to some 
common point from which their directions should be 
estimated. 

For the fixed stars, however, the angles subtended even 
by a diameter of the Earth's orbit are, for the most part, 
absolutely inappreciable by the most refined observations. 
This is not the case with the Sun, Moon, and planets, lines 
from which to different points of the Earth's surface, differ 
perceptibly in direction. It is therefore necessary to refer 
the observations of these bodies to some one common 
point. The centre of the Earth is the point to which they 
are all referred. 

Let C (fig. next page) be the centre of the Earth, the 
position of an observer on it, M of the centre of the Sun, 
Moon, or a planet; then the L OMG is called the parallax 

If the Earth were a perfect sphere, the lMOZ' made 
by MO with CO produced would be the true zenith-dis- 
tance of M, Since, however, the Earth is a spheroid, 
generated by the revolution of an ellipse of small ellipticity 
about its minor axis, ZOGS& not the normal at 0\ let ZO 
be the normal ; then ZO lies in the meridian through Z'O, 
and makes a small angle with it. Also, since the ellipticity 
of the Earth is correctly known, the angle between ZO and 
Z'O can be calculated for every place whose latitude is 
known. If then the zenith-distance of Jf be observed at O, 
we have^ by subtracting the angle ZOZ\ the angle Z'OM,. 

The general effect of parallax is, as is obvious from the 
figure, to increase the zenith-distance, and therefore to 
depress a body in a vertical plane through the star. It is 
zero at Z\ or very near the zenith, and greatest when 
L COM - 90®, or when the body is on the horizon. 

148. ParaMx of the Moon determined by dbservor 
tions at two places on the same meridian. 

We will now shew how by observations of the Moon at 
different places on the same meridian, whose latitudes are 
known, we can find its distance, and its parallax at any 
zenith-distance. 

Let 0, 0^ be the two stations from which the observa- 
tioDB are taken* Produce CO^ to a/, and let z& be the 
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normal to the Earth at (/^ then zO, z<y are both in the 
plane C00\ which is the meridian of the two places. 

ZliZ' 




On the same day, let observations be taken with the 
Moral Circle (or Transit Circle) at the transit of the Moon 
over the meridian. We thus obtain the angles ZOM^ 
z(yM^ whence the angles Z'OM, z^O'My and therefore 
their supplements COM, CO'M are known. Let COM s 2r, 
and CO'M^z', and let r, r' be the radii of the Earth at 
and (7, which are known, since the latitudes of O and 
O^ are known. And let the geocentric distance of the 
Moon, CM, = B, 

Then, if p,p' be the Moon's parallaxes at and O^, the 
triangle COM gives 

8inp _ r 

%mz ~~ R 

sin jp^ _ jK 

^Ima^" U ■ 



similarly, 



..(l)i 
(2). 
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Again, the angle OC(y can be determined in terms of 
the latitudes at and (/: let it equal a; then 
P'hp' + z + s!' + a = angles OMCT, OCC, COM, €(yM^ 

= 360<» (3). 

Equations (1), (2), and (3), determine -B, jt?, and/?'. 
Having determined B^ equation (1) gives p the parallax 
for any point on the Earth's surface for which r is known ; 
L e. for any place whose latitude is known. 

149. Method of obviating the uncertainty qfr^action. 

We have supposed that the zenith-distances at and 
(y can be correctly observed; unfortunately, the uncer- 
tainty of refraction would seriously affect observations in 
which such extreme accuracy is required as in the present 
case. In equations (1) and (2), any error in z, sf resulting 
from refraction will be unimportant, since it will be mniti- 

plied by the small fructions -^, and -^i in equation (3) how- 
ever, it would materially affect the determination of 
p +p\ It is important, therefore, if possible, to determine 
p-^p^hy some method in which the errcn* of refraction 
may be as nearly as possible got rid of This is done l^ 
observing some star which passes the meridian at ike 
same time as the Moon, and very near it. 

Draw Os, OV in the direction of such a star; these lines 
are sensibly parallel. The difference of the observed 
zenith-distances of s and JIf at O and 0', gives the angles 
sOMy ifOM. And since the star and Moon differ little in 
zenith-distance, any error in the refraction will affect both 
nearly equally ; the angles ^Oitf, flCyM are therefore nearly 
unaffected by any error due to this cause. 

Since «6>, 9f(y are parallel, the sum of the angles ^sOM^ 
g^C/Mia the angle OMO" or p-^p\ Thasp +y is deter- 
mined very accurately: let it equal p; we may therefore 
write 

p-i-p' = P W, 

and equation (4) may be substituted for (3). 

It is clearly desirable that O and & should foe very 

distant from each other. The observatories at Greenwich 

and at the Cape of Good Hope satisfy this condition, the 

nortii kl^de of Greenwich being 51^.28', and the soutk 
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latitude of the G^e bong 33*.5€r. Hie panDftx of the 
Ifoon hat beeo determined bjobflerratioiis taken at these 
obterratories: B was found to be about 240,000 mfles or 
aboot 60 radii <tf the Earth; and the Tihie oi p when 
z = 9^—m)xys^\BeaJledLiyMdhorizontalpar^^ 

150. 8uv^$ parallax by transit of 
Venu$. 

This meUiod cannot be nsedfor the 
Son; a more refined method bdng 
necessarj on account of its laige dis- 
tance and conseqoiraitlj small parallax. 

One of the best methods of deter- 
mining the Sun's distance and paraL 
lax, is b J obsenrations at two obsenra- 
tories, a great distance apart^ of transits 
of Yenns across the Sun's disc. 

If the orbit of Venus were in the 
plane of the ecliptic, Venus would 
transit the Bun's disc at each con- 
junction. Since, however, its orbit is 
inclined to the ecliptic, a transit can 
only occur when at the time of con- 
junction Venus is sufficiently near the 
ascending or descending node of its 
orbit. 

The actual determination of the 
Sun's parallax by this means is so 
extremely complicated, that it would 
be nearly impossible to give a satis- 
factory account of it in an elementary 
manner, if all the minute details which 
are incidental to it were taken into 
account The general principle of the 
method may however be explained 
without mudi difficulty. 

Let E, Vy S he the positiotis of 
the centres of the Earth, Venus, and 
the Sun at a time when Venus is in 
conjunction, and is near its noda 
The orbit of Venus being inclined at a small angle, about 
8*.28'| to the ecliptio, if Venua be suffidently near its 
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node its centre will be distant from the Son'i^ centre by 
less than the angular radius of the Sun: it will therefore 
be seen projected as a dark spot on the Sun's disc. 

At this instant, suppose A and ^ to be the positions of 
observers, A in the northern hemisphere, and B in the 
southern, at two places at the extremities of a diameter of 
the Earth. Suppose, also, that the diameter is the one 
which is at that time perpendicular to the orbit of Venus. 
Since the inclination of the orbit of Venus is small, ^jS will 
be nearly perpendicular to the ecliptic. 

At some time — about three hours — ^before Venus is 
actually in conjunction, it will appear at the edge of the 
Sun*s disc on the east side of the centre; and will move 
across the disc from east to west. For, in passing through 
conjunction, the Earth and Venus will each describe a 
portion of its orbit, the velocity of Venus being greater than 
that of the Earth : the motion of Venus relatively to the 
Earth will therefore be in the direction of "V onus's orbital 
motion, which is from east to west at inferior conjunction. 

Its apparent path across the Sun, as seen from the 
Earth's centre, will be parallel to its direction of motion; 
as seen from A and B, it will therefore appear to describe 
two lines CD, cd, parallel to the direction of motion of 
Venus, and therefore in the case supposed, nearly perpen- 
dicular to AB. Let the plane A VB meet C7>, cdinF and 
G; then FG is parallel U) AB, 

Now FG:AB=VF:VB; 

and the ratio of the distances of Venus and of the Earth 
from the Sun is known by Kepler's third law ; thus, the 
ratio of VF to BF is known, and hence the ratio of 
VF : FB. The latter ratio is about 6 : 2. 

Hence FG is 2^ times AB ; and therefore the angle 
subtended by FG at F is about 2j times the angle sub- 
tended by AB at S, i.e. it is 5 times the Sun's horizontal 
parallax. 

If, then, by any means we can measure FG, we shall 
obtain 5 times the Sun*s horizontal parallax. Only about 
one-fifth, therefore, of any error in estimating FG will affect 
the determination of the Sun's parallax. We have, in fact, 
5 times as great an angle to measure. 

Now the angle subtended by FG at the Earth's centre 
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cannot of coarse be found by direct measnrement. It id 
however inferred from the times occupied by Venus in 
performing its transit as observed from A and B: and 
those times of transit being about 6 hours each, the accuracy 
with which they can be determined is very great, an error 
of a second of time being a very small proportion of the 
whole. 

From the tables of the motions of Venus and the Earth, 
m can calculate the time in which the geocentric motion 
(n Venus would be an angle equal to a diameter of the Sun. 
Gomi>aring this time with the times of describing CD and 
cd^ we have the ratios of cd and CD to the Sun's diameter. 
These two ratios determine the positions of cd and CD on 
the Sun's disc; and hence FG is known. 

The method of observing the time of ingress of Venus's 
centre, is by taking the mean of the times when Venus just 
touches the disc and when it is just whoUy within it; and 
the time of egress is found in a similar manner. The differ- 
ence of the times so found is the duration of the transit. 

In the rigorous investigation many circumstances which 
we have entirely omitted, such as the inclination of AB to 
a perpendicular to the ecliptic, the exact motions of Venus 
and the Earth, and the rotation of the Earth during the 
transit, must be taken into account. The above can tiiere- 
fore only be looked upon as a sketch of the principle of the 
method, as applied to a much simpler case than occurs in 
practice. The rotation of the Earth is small compared to 
its orbital motion, but it perceptibly affects the times of 
ingress and egress of Venus. 

It is easily seen that the rotation increases the duration 
of the transit to an observer at A, and diminishes it to an 
observer at B) for the rotation moves A and B in opposite 
directions. 

The Sun's parallax as determined by transits of Venus 
has been estimated at 8'57'^ This value makes the Sun's 
distance equal to about 95 millions of miles. 

151. Eecufons for pre/erring transits of Venus to 
transits of Mercury. 

The same method is applicable to transits of Mercury ; 
but transits of Venus give much more trustworthy results, 
for many reasons* In the first place, Mercury is much 
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farther from the Earth at inferior conjunction than Venus 
is; the parallax of Mercury, on the effect of which the 
difference in the observed times of transit principally 
depends, is therefore much less; the difference in the 
observed times of transit at the two stations is therefore 
much less for Mercury than for Venus, and therefore any 
error in estimating the times more seriously affects the 
result 

Again, the difference of the velocities of Mercury and 
the Earth is much greater than that of Venus and the 
Earth ; the apparent motion of Mercury across the Sun's 
disc is consequently much more rapid ; the time of transit 
being shorter, any error in determining it is therefore a 
larger proportion of the whole, and is thus more important. 

Another objection to Mercury is that its apparent 
diameter is much less, so that the moments of internal 
contact cannot be observed so accurately. 

152. Intervals at which transits of Venus may occur. 

In order that a transit of Venus may happen near 
either node it is necessary not only that Venus should be 
near that node, but that the Earth should be at the time 
in nearly the same direction from the Sun as Venus is. 
Thus in the interval between two transits of Venus, not 
only Venus but also the Earth must have completed 
almost exactly an integral number of sidereal revolutions. 
Let then m and n be the number of revolutions completed 
respectively by Venus and the Earth between two transits; 
then, since a sidereal revolution of Venus is effected in 
224700, and of the Earth in 365*256 mean solar days, wq 
must satisfy as nearly as possible the equation 

m X 224*7 =nx 365*256, 

224*7 n 
or = — • 

365-256 m ' 
and the integers which most nearly satisfy this equation 
are found by finding the converging fractions to the 
fraction on the left-hand side. These are found to be 

8^ 237 713 
13' 382' 1159 • 
thus the number of years elapsed between transits at the 
same node are 8, 237, 713, or multiples of the^^i^KSfi^ck^T^ 
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At the present time the Earth passes through the line 
of nodes of Venus's orbit in June and December. Transits 
of Venus can therefore happen only in these months. The 
two next will occur at the ascending node in December, 
1874 and 1882. 

1 53. SurCs distance hy parallax of Mars in opposition. 
Distances qf the planets deduced hy Kepler* s third law. 

Another method of determining the Sun's distance is 
by finding the parallax of Mars when this planet is in 
opposition. In this position it is nearest to us, its distance 
being the difference of the radii of the orbits of Mars and 
the Earth. Its parallax is then about 22'', which is large 
enough to be determined by a method similar to that 
used for the Moon. We thus obtain Mars' distance, or 
the difference of the radii of the orbits of Mars and the 
Earth. And by Kepler's third law we can find the ratio 
of these radii ; we thus deduce the radius of the Earth's 
orbit, i. e. the Sun's distance. The Sun's parallax, as de- 
termined by observations of Mars, has been estimated 
at 8-96". 

M. Foucault has recently by direct experiment deter- 
mined the velocity of light. Assuming the correctness of 
his result we can determine, from the formula for the 
constant of aberration, the velocity of the Earth. Now the 
length of a sidereal year is very accurately known : hence 
knowing the velocity of the Earth we can find the length 
of the circumference of its orbit : and this being equal to 
27r X Sun's distance, the Sun's distance can be inferred. 
The distance thus determined is about 92 millions of 
miles : being 3 million miles nearer than that given by the 
transit of Venus. It gives for the Sun's parallax 8*86". 
This is nearly the parallax which M. Le Verrier had been 
led to adopt from considerations quite independent. 

Having determined the EartKs distance from the Sun, 
the distances of the other planets from the Sun become 
known by Kepler's third law. Hence we can infer the 
distance of each planet from the Earth at any part of its 
orbit, and consequently its parallax. 



CHAPTER VII. 

PRECESSION AND NUTATION. 



154. Precession and Nutation due to change of di- 
rection of the Earth's axis. 

The motions, called Precession and Nutation, are real 
motions of the poles and equator of the Earth. The 
Earth*s axis of rotation moves, in the course of a year, in 
such a manner as to maintain almost exactly the same 
direction in space; it moves in fact very nearly parallel to 
itself. The equator, being perpendicular to it, moves also 
very nearly parallel to itself. And the line of intersection 
of the equator and the fixed plane of the ecliptic conse- 
quently maintains very nearly a fixed direction. If the 
axis of the Earth moved exactly parallel to itself, the 
II.A.S and N.P.D.s of the fixed stars would be invariable. 
This however is not the case. The R. A.s and N.P.D.s are 
found to be subject to variation. We infer therefore that 
the Earth's axis is not fixed in direction. 

PRECESSION. 

155. Nature of the motion called Precession, How 
first detected. 

When the R. A.s and N.P.D.S of any star from time to 
time are converted into celestial longitude and latitude, so 
as to refer the star's place to the ecliptic, it is found that 
the longitude of the star increases imiformly with the time, 
while tiie latitude, is unaltered. This proves that the 
ediptic is fixed, but the line of intersection of it viUA^'^K^ 
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equator regrede$ uniformly. Since the Snn's motion is 
progressive, the intersection of the ecliptic with the equator 
moves so as to meet the Sun. The Sun therefore crosses 
the equator earlier than it otherwise would. On this 
account the motion is called Precession of the Equinoxes. 
The obliquity of the ecliptic is found to be subject to no 
increase or diminution with the time. The position of the 
equator being given at any time, its position at any subse- 
quent time is determined by drawing a plane at the same 
inclination to the ecliptic through the new position of the 
line of intersection. 

The inclination of the planes being unaltered the incli- 
nation of their poles, ^r-*^ P 
which is the same angle, 
is unaltered. 

Let now be the 
centre of the celestial 
sphere; yO±: the line 
of the equinoxes; tt, P 
the poles of the ecliptic 
and equator. Then irO 
and PO are both per- y. 
pendicular to Y:2: ; and the plane irOP is therefore per- 
pendicular to Y£:. The angle through which Y:£i: moves 
in any time is therefore the angle through which plane irOP 
moves about Or. Hence P describes a small circle uni- 
formly about ?r. The angle through which Y:2; regredes 
along the ecliptic in one year is about 50*2^'; the pole of the 
equator will therefore complete a revolution about the pole 
of the ecliptic, and the line of the equinoxes will complete 
a revolution in the ecliptic, in about 25,820 years. The 
obliquity of the ecliptic is about 23^ 28' ; hence, at the 
beginning and end of an interval equal to half this time, P 
will be in positions about 47® apart: thus, the pole now 
occupies a position 47® apart from the position which it 
occupied about 12,910 years ago. 

At the present time the north pole is about l\^ distant 
from a star of the second magnitude in the constellation of 
the Lesser Bear ; which star, on account of indicating so 
nearly the position of the pole, is called the pole-^tar, or 
Polaris. This star will, 12,910 years hence, be about half 
waj between the pole and the equator. 
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The equinoctial points were once in the constellations 
of Aries and Libra. In consequence of the regression of 
the equinoctial points on the ecliptic, the point which was 
in Aries, and was hence called the first point of Aries, is now 
entering into the constellation Pisces. It will in the course 
of time pass through all the constellations in the Zodiac, 
and in the lapse of ages return to Aries. 

The effect of the regression of the equinoctial points in 
diminishing the length of a year has been explained in the 
Chapter on Time : — (Chapter t.)« Since the seasons depend 
on the positions of the Sun with respect to the equator, the 
effect of the motion of the equinoxes to meet the Sun is to 
shorten the interval at which each recurs. 

In 72 years the equinoctial points will have regreded 
through more than 1*; if, therefore, the R.A.S of stars be 
compared at intervals of a century or more, the apparent 
motion in R.A. becomes quite conspicuous. It is in this 
manner that Precession was first detected (about 150 ao.), 
long before the time of refined observations. 

156. Physical cause of Precesnon, 

The physical cause of Precession was discovered by 
Newton. It was shewn by him to arise from the attractions 
of the Sun and Moon on the spheroidal Earth. If the 
Earth were a sphere the attraction of each would pass 
through the centre of the Earth and produce no motion of 
the axis. But since the Earth consists, in &ct, of a sphere 
about the polar axis as diameter, in addition to a portion 
due to the excess of the equatorial diameter of the Earth's 
spheroid over the polar diameter, there is an attraction on 
this protuberant part, which produces a motion of the axis 
the general nature of which has been described. The part 
of the Precession due to the Moon is called Lunar Preces- 
sion, and that due to the Sun Sdar Precession, The 
Moon, though much smaller than the Sun, yet, in conse- 
quence of being so near the Earth, produces by far the 
most important part of the effect ; the combined effect of 
the two is called Lunisolar Precession, 

167. Stars^ places corrected /or Precession. 

The places of the stars are corrected for Precession by 
referring them to the positions which the equator and 
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the first point of Aries had at some fixed epoch. The 
motions of this plane and point among the fixed stars 
having been determined by observations of the stars 
throughout a long period, we are able, given the position 
of a star with reference to the positions of the equator and 
first point of Aries at the time of observation, to determine 
the position with reference to the places which they occu- 
pied at a fixed epoch — ^say at the beginning of the year 1800. 

NUTATION. 

158. Effect of Nutation on the places of stars. Phy- 
sical cause qf Nutation, 

The motion of the Earth's axis which we have described 
is, though not quite its accurate motion, so near to it, that 
the difierence could not be detected except by observa- 
tions capable of considerable accuracy. It was found 
however by Bradley, that after correcting for Precession 
there was still an apparent motion of the stars to be ac- 
counted for, small indeed, but quite discernible with the 
instruments then in use. 

By observations extending over a peiiod of 19 years, he 
found that the stars had all apparent very small motions 
by which they deviated from their original positions, and 
finally returned to them again. He inferred from this that 
the position of the pole varied slightly from the place which 
it would occupy on account of Precession, but that its 
motion with reference to that place was a motion of oscil- 
lation in virtue of which it returns periodically to its mean 
position, the period of the oscillation being about 18^ years. 
This period corresponding accurately with the period of a 
revolution of the Moon's node confirmed Bradley in the 
original hypothesis by which he accounted for the motion, 
which was that it was produced by the varying attraction 
of the Moon on the protuberant matter of the Earth in 
different positions of the Moon's orbit with respect to the 
equator. 

This oscillation of the axis about its mean place is called 
Nutation; and the correction necessary to be applied to 
the places of the star in consequence of it, in order to refer 
them to planes absolutely fixed, is the correction for 
Nutation, 
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This account of the phenomenon has been fully con- 
finned, not only by observation, but by the agreement of 
its period and amount with that given by an investigation 
of the action of the Moon on the Earth on dynamical 
principles. 

Strictly speaking the whole Nutation is due to the 
combined actions of the Sun and Moon. But the action 
of the Sun in producing Nutation, though perceptible, is 
very much smaller than that of the Moon : its period is half 
a year. 

The maximum change in the obliquity of the ecliptic 
produced by Nutation is about 9'': and the maximum 
change in the longitudes of stars in consequence of the 
nutational motion of the first point of Aries is nearly lT\ 

The actual motion of the pole of the equator about the 
pole of the ecliptic will, on account of Precession and 
Nutation, be in an undulating curve separating very little 
from a small circle about the pole of the ecliptic, and such 
that, if the position of the x)ole of the equator be given at 
any time, its positions at intervals of about 18^ years from 
that time will all lie in the same small circle. 

159. Motion of the ecliptic. Proper motions of stars. 

The ecliptic has been assumed hitherto to be an 
absolutely fixed plane. It however has a small motion 
due to the action of the planets on the Sun. This motion 
is in reality periodic: but its period is so immense that 
it may practically be assumed to be non-periodic. The 
efifect of it is a gradual small change in the obliquity and 
in the position of the first point of Aries. These effects 
are called Planetary Precession. Being produced by a 
motion of the ecliptic, they do not affect declinations of 
stars : but the B. A.s are continually increased by it to the 
amount of less than 2'^ per year. 

Even after allowance has been made for all these 
causes of apparent displacement of the stars, they are 
still found to be generally subject to minute apparent 
motions among one another: these are called Proper 
motions of the stars, and are supposed to arise either 
from actual motions of their own, or apparent motions 
due to an actual motion of the solar system in space. 
Such motions however are, as may be supposed^ eUK^^^^ 
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continnous in one direction, or of such long periods that we 
may practically consider them to be so. 

160. Stellar — or anntud^paraUax, 

We now come to the question of stellar Parallax. The 
Parallax of a star can only be detected by its apparent 
displacement as seen from different points of the £arth*s 
orbit. The greatest effect thus produced is when the star 
is observed from opposite points of the orbit ; it is in all 
cases extremely small, and only in a very few has it been 
detected with certainty at all. It will readily be under- 
stood that, after the host of corrections which have to be 
applied to a star's place in order to refer it to planes 
absolutely fixed, the minute amount of Parallax will stand 
a great chance of being absorbed in some small error in 
the application of one or other of these corrections. 

Two considerations serve as guides in selecting stars to 
observe for Parallax. One is the brightness, which is an 
d priori argument of proximity ; and another its proper 
motion ; stars whose proper motions are most conspicuous 
being naturally deemed nearest. 




The two stars, whose Parallaxes have been determined 
most satisfactorily, are a Centauri, and 61 CygnL The 



Annual ParaUax. 



139 



Parallax of tlie former of these was determined by Mr 
Henderson at the Cape of Good Hope, and that of the 
latter by Bessel. We will now explain the general effect 
on a star's place produced by Parallax. 

161. Effect of ann ual parallax on the places of stars. 

Let S he B. star; the Sun; T any position of the 
Earth in the ecliptic. Then the angle TSO (fig. Art. 160) 
is called the anniuil Parallax of the star at the time 
when the Earth is at T. Now^ 

sin TSO =^ sin TOS=^ sin TOS 

lib I/O 

very nearly; hence the angle TSO is greatest when 
sin TOS is greatest, that is, when TOS is a right angle. 
Let now the plane of the paper represent the plane of 




the ecliptic ; and let a plane Rirr be drawn through the 
star and the pole of the ecliptic. Then if 7Y be a diameter 
of the ecliptic perpendicular to Rr, it b perpendicular to 
the plane Rirr, and therefore to OS. Hence the annual 
Parallax of the star is greatest in the plane through Tt 
and S, or when the Earth is at Tot t. Its position as seen 
from the Earth will describe a curve about its position aS' 
as seen from the Sun, its distance from S being greatest 
in the direction perpendicular to the plane Rirr, and least 
in that plane. The effect of Parallax is, then, to make a 
star describe in the course of a year a small curve about 
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a mean position ; and if its places be compared at intenrals 
of half a year they will be found to differ, the difference 
being greatest when it is observed from positions of the 
Earth 90^ distant from the plane through the star and 
the pole of the ecliptic. The effect is similar to that 
of aberration, except in the fact that the maximum effect 
happens for each star in that position of the Earth in its 
orbit for which the effect of aberration is a minimum, and 
vice versa (Art. 142). 

162, Parallaxes of a Centauri and 61 Cygni, 

Henderson, by direct observations of the bright star 
a Centauri, after applying the corrections, including that 
for proper motion, detected displacements similar to those 
described above, and found its greatest Parallax to be 
0*98''. This corresponds to a distance from the Sun of 
more than 206 thousand times the distance of the Earth 
from the Sun. 

The star 61 Cygni, though only of the 5th magnitude, 
was observed for Parallax, on account of its being known 
to have a large proper motion. The method adopted was 
to observe its distances from two stars within a few 
minutes distance of it, by means of the heliometer. By 
these differential observations all the sources of error, 
except that incidental to the proper motion of the star, 
were almost entirely eliminated. From the apparent 
annual motion of the star as so determined, Bessel as- 
signed an annual Parallax of 0*35^'. It has since been 
observed with more perfect instruments by different astro- 
nomers, who agree in assigning a somewhat larger Parallax 
of about Oo4". 



CHAPTER VIII. 

ON THE PLANETS. 



163. Tlie Planete. Bode' 8 law. 

Before the present century, the number of planets 
known, including the Earth, was seven only; viz. Mercury, 
Venus, the Earth, Mars, Jupiter, Saturn, and Uranus; 
Mercury being the nearest to the Sun, and the rest more 
remote in the order in which they are written. 

The orbits which the planets describe about the Sun, 
as has been explained in Art. 26, are ellipses of small ex- 
centricity with the Sun in one of the foci of each ellipse, 
described in planes making small angles with the ecliptic. 

The mean distances of the planets from the Sun were 
observed to obey pretty closely an empirical law, called 
Bode*s law. This law is, that, if the distance of Mercury 
be called 4, that of Venus is 4 + 3 or 7; of the Earth 
4 + 2 X 3 or 10 ; of Mars 4 + 2' x 3 or 16; of Jupiter 4 + 2* x 3 
or 62; of Saturn 4 + 2* x 3 or 100; and of Uranus 4 + 2« x 3 
or 196. At about the distance 4 + 2^ x 3 or 28, being the 
term of the series between the terms which correspond to 
the distances of Mars and Jupiter, a large number of very 
small planets have been discovered from time to time since 
the beginning of the present century; the number at pre- 
sent known amounts to more than eighty. 

164. Perturbations. Discovery of Neptune, 

The orbits of all the planets would be accurately 
ellipses if the Sun were the only attracting body. Since, 
however, each planet has an attractive power proportional 

A 
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to its mass and inversely as the square of the distance, the 
Sun and any planet will not only attract each other, but 
each mil be acted upon by every other body in the solar 
system. 

The effect of any body on the motion of a planet rela- 
tively to the Sun depends on the difference of its attractions 
due to the difference in the distances from it of the planet 
and the Sun. 

Hence arise perturbations in the motions of the planets, 
that is, deviations from the positions they would occupy 
with respect to the Sun, if the Sun were the only body 
which attracted them. These perturbations are smsdl; the 
orbit of any planet therefore does not differ very much 
from an ellipse; and the corrections to be applied on 
account of this deviation are small 

The effect of any planet on the motion of any other can 
be calculated, if the orbit of the former be Imown with 
sufficient accuracy. 

If the motion of any planet be calculated, taking account 
of the perturbations due to all the rest, the theoretical 
places assigned to the planet ought to agree with the places 
found by observation. The places assigned to Uranus from 
the results of theory were found to differ from the observed 
places; and it was suggested that the differences might be 
accounted for by the action of a planet whose orbit was 
exterior to that of Uranus. Accordingly Professor Adams 
in this country and M. Le Yerrier in France simultaneously 
endeavoured to account for the perturbations on this sup- 
position, and to determine the orbit and place of a planet 
which would produce the perturbations with which Uranus 
was affected. The efforts of these two astronomers resulted 
in the discovery, made by each independently in the year 
1846, of a planet, whose mean distance from the Sun is 
about 30 times that of the Earth. This is the planet 
Neptune. 

The empirical law of Bode gives the mean distance of 
Neptune 38*8 times that of the Earth, which is seen to be 
much too great. 

165. Superior and {inferior planets. Conjunction 
and opposition. Perihelion and aphelion. Nodes, 

The planets, Earth included, all revolve in the same 
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direction about the Sun. The excentricities of the orbits 
of the planets and their inclinations to the ecliptic are all 
small ; and it has been shewn by Lagrange that, although 
they vary from time to time in consequence of the mutual 
actions of the planets, yet these variations are confined 
within certain limits. These limits are small : the orbits 
will therefore never deviate much from circles, and the 
planes in which they are described will always be inclined 
at small angles to the ecliptic. 

The planets Mercury and Venus, whose orbits are 
between the Sun and the Earth's orbit, are called ir^ferior 
planets ; those whose orbits are exterior to the Earth's are 
called superior planets, 

A planet is said to be in conjunction or syzygy when 
its longitude, as seen from the Earth, is the same as that 
of the Sun. Since the inclination of the planet's orbit is 
small, the latitude is always small ; at conjunction therefore 
the planet will be seen nearly in the direction of the Sun. 

An inferior planet may, at conjunction, be either on the 
same side of the Sun as the Earth, or on the opposite. In 
the former case, the planet is between the Sun and the 
Earth and is nearest to the Earth ; it is then said to be in 
inferior conjunction. In the latter case, the Sun is be- 
tween the Earth and the planet, and the planet is farthest 
from the Earth ; it is then said to be in superior con- 
junction. 

The superior planets can never be between the Sun and 
the Earth ; they can, therefore, never be in inferior con- 
junction. 

A planet is said to be in opposition when its longitude 
differs from that of the Sun by 180^ The Earth is then 
between the planet and the Sun. 

It is evident that an inferior planet can never be in 
opposition. 

The angle subtended at the observer's eye by the centres 
of the Sun and a planet is called the elongation of the 
planet. When the angle is 90® the planet is said to be in 
qu>adra>ture. 

When a planet is at its least distance from the Sun it is 
said to be in perihelion; and when at its greatest distance, 
it is said to bo in apThelion, The least and greatest dia- 
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tances are called respectively the perihelion- and the 
aphelion-distance. Perihelion and aphelion are evidently 
at the extremities of the m^or axis of the planet's orbit. 

The points in which a planet's orbit meets the ecliptic, 
or where the planet is when its latitude is zero, are called 
the nodes of the orbit. The node in which the planet is 
when it is passing from the south to the north side of the 
ecliptic is called the ascending node; and the other node 
is called the descending node. 

The place which a planet would appear to occupy in the 
heavens if seen from the Earth's centre is called its Geo- 
centric place : and the place which it would occupy if seen 
from the Sun's centre is called its Heliocentric place. 

166. Phases. Cusps, 

The planets are opaque nearly spherical bodies, deriving 
their light from the Sun. The illumined portion of a 
planet's surface, at any time, is therefore the hemisphere 
which is turned towards the Sun, and separated from the 
unillumined hemisphere by a plane perpendicular to the 
line joining the centres of the Sun and planet. When the 
planet is directly between the Sun and the Earth it pre- 
sents its unillumined hemisphere to the Earth; this can 
only occur, of course, in the case of an inferior planet 
Thus Mercury or Venus, when it is so near its node at 
inferior conjunction as to be directly between the observer's 
position and some point on the Sun's disc, appears projected 
on the disc as a dark spot (Art. 150). When a planet is in 
opposition or superior conjunction, the whole of its illu- 
mined hemisphere is turned towards the Earth. In inter- 
mediate positions only part of its illumined hemisphere is 
visible. The proportion of the visible hemisphere which is 
illumined is called the phase. 

When the phase is one-half, or half the disc is illumined, 
the planet is said to be dichotomized. In this case the 
line drawn from the observer's position to the planet is 
evidently perpendicular to the line joining the centres of 
the Sun and planet. 

Since the planets describe orbits about the Sun's centre 
which are approximately circles, and the orbits of the 
superior planets are exterior to that of the Earth, any 
position of the Eartii is within the area enclosed by the 
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circle described by a superior planet; the angle between 
the geocentric and heliocentric distances of a superior 
planet is therefore never so great as a right angle. Hence 
never less than half the disc of a superior planet is illu- 
mined. A superior planet therefore never appears dicho- 
tomized. 

When less than half the disc is illumined the planet is 
8{ud to be homed; and the extreme points of the illumined 
portion are called the horns or cusps of the planet. When 
more than half the disc is illumined the planet is said to be 
gibbous, 

167. Correction for defective illtmiination. 

In taking an observation of a planet (or the Moon), 
when not full, with the Transit-Circle, account must be 
taken of the position of the boundary of the illuminated 
and unilluminated portions or of the line of cusps, and also 
of the magnitude of the phase. The circumference of the 
disc will be a circle half illumined and half unillumined. 
The horizontal wire, in determining the zenith-distance of 
the planet's centre, is made to pass successively through 
the highest and lowest visible points, i.e. through the 
highest and lowest points of the illumined portion. If, 
therefore, the line joining the horns does not coincide vdth 
the meridian, one of the two positions of the horizontal 
wire touches the planet's disc, and the other cuts off an 
imillumined portion. The portion cut off can be calculated 
from a knowledge of the amount of phase and position of 
the cusps, or of the position of the planet with respect to 
the Earth and Sun ; the correction made on this account 
is called the correction for defective illumination. When 
it has been made, the result of the mean of the observations 
is the zenith-distance of the planet's centre. In an obser- 
vation of this kind the two portions of the planet actuaUy 
observed are called the upper and lower limbs. 

The difference between the readings for the limbs, after 
the correction has been made, gives the diameter of the 
planet. 

If the planet's diameter is known, to the reading for the 
limb observed — corrected if the limb is defective — must be 
added or subtracted the reading for the semidiameter, by 
which means the readmg for the centre is obtained. 
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The same method of proceeding applies in taking a 
transit of a planet. 

168. Apparent motions qf planets; when direct and 
fffhen retrograde. 

We now proceed to the explanation of the apparent 
motions of the planets. 

The apparent motion of a planet is said to be direct 
when it is in the same direction as that of the Son, or from 
west to east, or in the order of the signs of the Zodiac. 
Let Ef E^ be two positions of the Earth in its orbit, S the 
Sun. Join E8, E'S; and draw E's parallel to ES. 

Fig. 1. 




Then when the Earth was at E the Sun was seen in 
direction ES, which is parallel to E's : and when the Earth 
has arrived at E^ the Sun is seen in direction E^S. 

To an observer on the Earth the Sun will therefore 
seem to have changed its direction from E^s to E^S, 

Again, let P, P' (Gg. 2) be the positions of a planet 
when the Earth is at E, E\ Draw E^p parallel to £P, 
The planet will appear to have changed its direction from 
E'p to E'P\ 

Draw E^nif P'n perpendicular to EP. 

The apparent motion of the planet is direct if P' in 
the figure be to the left oi p\ i. e. if P'n be <>E'm\ also 
P'w, E'ra are the spaces perpendicular to EP^ described 
by the planet and the Earth in the same time. 

Hence, when EE' is taken indefinitely small, they are 
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proportional to the velocities of the planet and Earth 
perpendicular to the line joining them. 

Fig. a. 




If, then, the velocity of the planet so resolved be in 
the same direction as that of Earth and less, the apparent 
motion of the planet is direct If it be in the same di- 
rection and greater, the apparent motion of the planet is 
similarly seen to be retrograde. And if the velocities 
resolved perpendicular to EP are equal, E'P' coincides 
with E^p, and the planet appears stationary. 

If the velocity of the planet perpendicular to EP be 
in the opposite direction to that of the Earth, P moves to 
the left of EP, and therefore E'P' is to the left of E'p, 
and the motion is direct. 

The apparent motion is therefore retrograde, only 
when the resolved velocity of the planet perpendicular 
to EP is in the same direction as that of tiie Earth and 
greater. 

169. Relation between velocity and radius qf the 
orbit. 

By Kepler's third law, the squares of the periods of 
the planets are as the cubes of the mean distances. 

Let then P be the period, v the velocity, a the mean 
distance of any planet; then since the orbit is approxi- 
mately a circle with the Sun in the centre, and radius 
equal to the mean distance, 

2Tra=vP; 



148 Astronomfty, 

a 

thus, the greater the radius of the orbit, the less the 
velocity. 

It will suffice for the purposes of general explanation, 
to consider the orbits to be circles, and to be all described 
in the plane of the ecliptic. 

170. Apparent motions of inferior plaiiets. 

We will first consider the case of an inferior planet. 
Let S be the Sun, E the Earth, abed the orbit of an 




inferior planet. Let ES meet the orbit in a and c. Draw 
the tangents JSb, Ed, 

Then the tingles bES, dESure equal, and are evidently 
the greatest angles which can be subtended at i^ by the 
I^anet and the Sun; that is, they areiequd to the angle of 
greatest elongation of the planet. 

Suppose now the planet to be at a eertain time in in- 
ferior conjunction; we may then suppose the planet and 
Earth to be at a and E, 

The velocities of the planet and of the Earth are then 
perpendicular to Ea, and in the same direction. Also 
by what has been shewn, the velocity of the planet is 
greater than that of the Earth. The motion of the planet 
is therefore retrograde. 
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Again, suppose the planet to have moved from inCerior 
conjunction to its greatest elongation; we may use. the 
same figure^ and suppose that the planet is at h when the 
Earth k at E, Then the resolved velocity, of the planet 
perpendicular to. Eb is zero ; the apparent motion is there- 
fore direct. 

Hence, the appareni motion of the planet must, be 
stationary at some moment between inferios coiynnctioa 
and greatest elongation. 

Again, at any time when the planet is moving horn 
greatest elongation through superior conjunction to geeair 
est elongation, the planet, Earth,,and Sun, are in the relative 
positions of P, E, and S in the figure, where P is some 
point between b and core and d^, and the resolved velocity 
of the planet perpendicular to EP is evidently in the 
opposite direction to that of the Earth; the apparent 
motion is therefore direct during all: the time in which 
the planet is moving from greatest elongation through 
superior conjunction to greatest elongation on the other 
side of the Sun. 

When the planet is at this second greatest elongation, 
it is moving towards inferior conjunction, and for the 
same reason as when the planet was at the first greatest 
elongation its motion is then direct; and it is retrograde 
at inferior coigunctioa; it is therefore stationary at some 
point between these two positions. 

The planet's apparent motion, has thns been, shewn to 
be retrograde at inferior coigunction, and for an interval 
on each side of that position, becoming stationary at two 
points when it is between greatest elongation and inferior 
conjunction, and direct through the rest of its orbit. 

The figure which we have used serves to illustrate any 
particular configuration of the Earth, Sun, and planet; 
but it must be remembered, that,, by the motion of E, the 
positions of the points a, b, c, d relatively to E are con- 
tinually shifting. Thus, between inferior coigunction and 
greatest elongation, the planet has moved through, a space 
greater than ab. For suppose the planet and Earth to 
be simultaneously at a and jS^;. when the planet has arrived 
at by E has moved in the direction of the arrow, and, not 
till the planet has moved some distance beyond &, is the 
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line joining the Earth and planet a tangent to the plaiiet's 
orbit. 

Thns by the motion of the Earth the interval between 
inferior conjunction and greatest elongation is increased, 
and the planet in the interval describes a greater arc of 
its orbit than if the Earth were at rest. And similarly, 
the interval between either greatest elongation and either 
conjunction is increased by the motion of the Earth« 

l7l. Sidereal period kf «^ inferior planet deduced 
from the synodic period. 

The interval of sidereal time between successive con- 
junctions of the same sort is called the synodic period. 

The synodic period may be expressed in terms of the 
sidereal periods of revolution of the planet and Earth 
about the Sun. For let these be p and P, expressed iu 
sidereal days. 

Then -p- is the angle described by the Earth about 

the Sun in one day. 

And is the angle described by the planet in a day. 

Therefore p- is the angle by which the radii 

of the Earth's and planet's orbits separate in a day. 

If therefore S be the synodic period, since in S daya 
the radii separate by 360^ we have 

360^ _ 360^ _ 360^ 
~~S~~ p P ' 
1_1_ 1 
'''JS'p P' 

"p PS' 
In each mean solar day the Earth has rotated through 
360^+ the angle described by the Sun in its apparent 
orbit ; and this angle amounts in a year of 365^ mean solar 
days to 360^ or to a complete rotation of the Earth. Thus 
in 365^ mean solar days the Earth rotates 36iS| times, that 
is, there are 366^ sidereal days. Putting, ^en^ for P, 
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366j, and for S the observed synodic t)eriod of Venus or 
Mercury, we can calculate the sidereal period. For Venus, 
aS'=684 sidereal days; whence we get p, the sidereal period 
of Venus, = 225 days, nearly. 

The synodic period is ot course greater than the side- 
real ; and this appears from the equation : for, since ■„ is 

less than -,Sis greater than p, 

172. Interval of time between conjunction and 
greatest elongation. 

If the planet's heliocentric radius has separated A^ 

from the Earth's, the time elapsed =7r^S\ thus the time 

in which the planet separates by any angle from the Earth 
is the same proportion of the synodic period, as the time 
of separating by the same amount would be of the sidereal 
period if the Earth were at rest. Hence the interval 
between inferior conjunction and greatest elongation is 
increased by the motion of the Earth, in the ratio of the 
synodic period of the planet to the sidereal period: and 
similarly for the interval from either conjunction to either 
greatest elongation. 

For example, the angle of greatest elongation for Venua 
is about 45®. Thus tho angle hES, in the figure, =46*^; 
therefore bSJEJ=45^. Hence the interval of time between 
inferior conjunction and succeeding greatest elongation is 
about one-eighth of the synodic periods 

173. Kepler's third law confirmed by observation, 
for the inferior planets. 

From the angle of greatest elongation the ratio of the 
mean distances of the planet and the Earth can be found. 

Thus the ratio of the mean distance of Venus to the 
mean distance of the Earth is 

^^^=sm460=-^. 
If we compare the ratios of the sidereal periods of the 
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Earth and Venus (Art. 171), we shall find that tl^ resnlt 
is nearly the same as the ratio of a^S : 1 or of the square 
root of the cubes of the mean distances, as it should be 
according to Kepler's third law. 




The interval which elapses between inferior conjunc- 
tion and greatest elongation 

= - = 73 sidereal days ,• 

the interval which would have elapsed, had the Earth been 
stationary, 

= ^= about 28 days. 

Again, in 28 days Venus describes an eighth part of 

its orbit about the Sun; therefore in 73 days it describes 

73 1 

2^ X - parts « '326 nearly, or nearly a third of the orbit* 

174. Angle qf elongation from the Sun at which an 
inferior planet is stationary/. 

To determine the elongation from the Sun at which an 
inferior planet is stationary. 

Let P be the position of the planet, E and S of the 
Earth and Sun; produce SP indefinitely to p; and let 
LPES=e, LpPE=ff^ 8E=a, iSP=a'; and «, i/ the 
velocities of E and P, 
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Then, the resolved parts of v and n' perpendicnlar to 

P. 




PE, are d cos ^, t/ cos 6^ ; we most therefore have, when 
the planet is stationary, 

V cos ^=t?' cos ^. 
, . a aS'^ sin^ 

/. a sin d=a'8in ^ (1). 

Also, ^,= ^~', 

/. a' cos' ^=a cos2 ^ (2); 

therefore eliminating ^ between (1) and (2), 

a" COS* B+c^^n^S=a'^a; 



.•.tan«^ = 



a^-a'^a 



a« 



a' + aa 



y > 



••.cot^^ =*-. + -;; 
a^ a' 

which gives the angle of elongation at the stationary points^ 

when the ratio of the mean distance of the planet to the 

mean distance of the Earth is known. 

If ^ be calculated for Venus it will be found to. be an 

angle of about 26^ 

176. Apparent motion qf Venus through a synodic 
revolution. 

The apparent motion of Yenus through a synodic revo- 
lution may be described as follows. 

At inferior conjunction its motion among the stars is 
from east to west : it continues in this direction till its 
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elongatioti is about 26^ It then appears for a time to be 
stationary, and then returns in the direction of the Sun's 
motion, or from west to east. For some time after Venus 
has reached the stationary point, the Sun gains on the planet 
in direct motion until the elongation is about 45^. The 
motion of Venus still continues direct, and exceeds that of 
the Sun, passing it at superior conjunction, and getting 
more and more to the east of the Sun till its elongation is 
about 45^ The motion still continues direct, but the rate 
becoming less than the Sun's, the Sun begins to approach 
it: when the elongation has thus become diminished to 
about 26®, Venus becomes stationary again, and then retro- 
grade, passing with retrograde motion to inferior conjunc- 
tion ; and from that point the whole series of apparent 
motions commences again in the same order, the motion 
continuing retrograde till the elongation is 26®, and so on. 

While this series of apparent motion has been going on, 
Venus will have made two revolutions in its actual orbtt, 
and more than half completed a third. The interval of 
time elapsed has been 684 days, iu which the Sun has de- 
scribed more than a revolution and a half from west to east. 
This is therefore the amount by which the direct motion of 
Venus has gained on the retrograde. 

A similar description applies to the apparent motions of 
Mercury. The distance of Mercury from the Sun being 
much less than that of Venus, the angle of greatest elonga- 
tion is much less, being about 22® or 23® ; also the sidereal 
period is only about 88 days, and the synodic period 116 
days nearly. 

When Venus is to the west of the Sun, it rises before 
the Sun ; it is then called the morning star ; when it is to 
the east of the Sun^ it sets after the Sun, and is then called 
the evening star. The brightness of Venus varies in dif- 
ferent parts of its orbit from two causes ; one is the phase 
of the planet, and the other its distance from the Earth. 
Its brightness is greatest when it is at an elongation of 
about 40® from the Sun in the superior part of its orbit. 

176. Apparent motion of a superior planet. 

The orbits of the superior planets being exterior to 
that of the Earth, the elongation may evidently be any 
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whatever. They are not, therefore, like the inferior planets, 
confined in their apparent motions within a certain angular 
distance from the Sun. 

When an inferior planet appears stationary the line 
joining it with the Earth is for the moment moving parallel 
to itself: the Earth would therefore appear stationary to 
an observer on the inferior planet. So to an observer on 
the Earth a superior planet appears stationary at those 
points at which the Earth appears stationary as seen from 
the superior planet. 

Hence a superior planet appears stationary at two 
points, before and after opposition; and at opposition, 
since the Earth is moving faster than the planet the ap- 
parent motion is opposite in direction to that of the Sun ; 
it is therefore retrograde at opposition. And in moving 
from opposition to the succeeding stationary point, the 
retrograde motion diminishes to zero, and the motion 
becomes direct till the planet arrives at the stationary 
point which precedes opposition, when it becomes station- 
ary again, then becomes retrograde and continues so 
through opposition to the stationary point which succeeds 
opposition. 

Again, the time between two consecutive oppositions is 
equal to the synodic period of the planet; and the angle 
which the planet describes about the Sun in that time is 
the angle between the positions of the line joining the 
planet and the Earth at the two oppositions. And since 
the planet's motion in its orbit is direct, it is the angle 
gained by the direct over the retrograde motion between 
two consecutive oppositions, that is, in a synodic period. 

Hence a superior planet's motion is retrograde before 
and after conjunction, and direct in the remainder of the 
synodic period ; and the direct motion is in excess of the 
retrograde. Also the apparent direct motion of the planet 
between two oppositions is the actual angular motion of 
the planet about the Sun during the interval. Thus by com- 
paring observations of a superior planet at oppositions 
separated by long intervals, the mean angular velocity in its 
orbit, or the mean motion as it is called, may be found. 

If P, j9 be the sidereal periods of the Earth and a 
superior planet, /S' the synodic period; then 
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36()<> 360^ 3600^ 

"S " Jf p' 
whence S is greater than P, or the synodic period of a 
superior planet is greater than a year, as may be seen 
otherwise. This equation determines the sidereal period 
when the synodic period has been found by observation. 

177. Rotation and eUiptidty ofplanet8. 

Those planets which are sufficiently large and near the 
Earth for their surfaces to be accurately observed, have 
been found, by observing the motions of certain spots on 
their surface, to rotate about an axis ; the period of rota- 
tion, and the inclination of the axis of each planet to its 
orbit, being different for different planets. Mars, Jupiter, 
and Saturn, when observed with powerful telescopes, are 
found to be not quite spherical, but spheroidal, the least 
diameter coinciding with the axis of rotation of the planet ; 
thus agreeing exactly with what we should expect from the 
analogy of our own Earth. Saturn is accompanied by a 
ring, or rather two or three separate rings, in the plane of 
its equator^ and revolving about the centre of the planet 



CHAPTER IX. 



THE MOON AND SATELLITES. 



178. The Moon^s orbit Retrograde motion of the 
nodes. Progressive motion qfthe line qf apsides. 

It has been stated (Chapter i.) that the Moon is the 
nearest to us of all the heavenly bodies, and revolyes in an 
orbit which is approximately an ellipse of small excentricity 
with the centre of gravity of the !^rth and Moon in one 
focus. Its mean distance from the Earth is about 240,000 
miles, being about 60 times the Earth's radius. The actual 
motion of the Moon in space results from the combination 
of the motion of the Earth about the Sun and of the Moon 
about the Earth. The actual curve described by it is con- 
cave to the Sun in every part 

The apparent motion of the Moon in the heavens is 
direct, i.e. from west to east; it is therefore in the same 
direction as that of the Sun; but it is much more rapid, its 
sidereal period being about 27^ days; thus it completes 13 
revolutions about the Earth before the Earth has completed 
one about the Sun. 

The plane of its orbit is not coincident with the ecliptic, 
but is inclined to it at an angle of rathw more than 6^ 
The points of intersection of the orbit with the ecliptic, or 
the nodes, have a rapid retrograde motion among the stars, 
the period of a revolution of the nodes being about 18^ 
years : thus in one year the nodes retreat through about 
19^^ and in a day through more than 3^ The inclination 
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of the plane of the orbit is in the meantime subject to 
periodic fluctuations, but never differs much from 5^ The 
general nature of the motion of the Moon about the Earth 
may therefore be conceived by supposing it to move in an 
ellipse, the plane of which moves so that its inclination to 
the ecliptic is pretty constant, while its line of intersection 
regredes on the ecliptic at the rate of about 3' a day. 

The line of apsides, or major axis of the Moon's ellipse, 
is also in rapid motion; the motion being direct, and at 
such a rate as to complete a revolution in about 9^ years. 

These irregularities in the Moon's motion are due to the 
disturbing attraction of the Sun. Besides the above 
motions, which are necessary to be stated in order to give 
a notion of the general nature of the Moon's apparent path 
in the heavens, there are many others of great importance, 
due to the same cause. For a discussion of these ine- 
qualities of the Moon'^s motion, as they are called, the 
student is referred to more complete treatises. 

179. MoorCs rnean synodic period found by means of 
ancient eclipses, 

"When the Moon is in conjunction, if its node is within 
a certain distance of the Sun, the Moon comes between the 
Earth and Sun, and appears to cover, partially or entirely, 
the Sun's disc ; when this happens there is an eclipse of the 
Sun (Chapter xi.). The interval between successive con- 
junctions is called a synodic period of the Moon, or a luna- 
tion; it is greater than the sidereal period, and is about 
^9^ days ; the difference being due to the direct motion of 
the Sun. The interval between any two eclipses is an 
integral number of synodic periods ; if, therefore, the times 
of two eclipses be known, the interval between them is 
known. In the case of recent eclipses, the number of luna- 
tions between the eclipses is known ; the interval between 
two eclipses divided by this number gives the mean of the 
synodic periods for that interval. By this means a very 
accurate value of the mean synodic period is found. This 
value can then be used in calculating backwards the par- 
ticular conjunctions at which eclipses must have happened 
and determining the precise times at which they occurred. 
By this means eclipses recorded in very remote times can 
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be identified; and the number of lunations in the interval 
between an ancient and a modem eclipse, in such a case, 
becomes known. If the interval between two such eclipses 
be divided by the number of lunations, the mean of the 
synodic periods which have occurred between them becomes 
known. In this way, from an eclipse recorded to have 
happened at Babylon in the year 721 b.c., March 19, and 
other ancient eclipses, the mean synodic period of the Moon 
has been found to be about 29*53 days. 

180. 27ie sidereal period deduced from the synodic. 

The synodic period being known, it is easy to deduce 
the sidereal period. For, let P be the synodic period, p 
the required sidereal period, and let T be a sidereal year, 
all expressed in mean solar days. 

Then is the pumber of degrees by which a decli- 

P 
nation-circle through the Moon has separated from a fixed 

declination-circle in a day : also — — is the number of de- 
grees by which a declination-circle through the Moon has 
separated from one through the Sun in a day : and -^ is 

the number of degrees by which a declination-circle through 
the Sun has separated from a fixed one in a day. 

»,, 3f^0^ 360® . 360® 
Thus, , = — + -jt; 

"p" P T 

or - = -=^r^ + 



p 29-53 365-266 " 
whence p will be found to be 27*32 days. 

181. Period qf rotation qf the Moon eqtuzl to the 
sidereal period of revolution in its orbit. 

The surface of the Moon is seen with the naked eye to 
be very uneven, and covered with dark spots ; this appear- 
ance is due to the existence of mountains of considerable 
height, as is proved by the shadows cast by the Sun on the 
Moon's visible sur&ce when it is not fully Illumined, these 
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shadows being seen as dark lines on tiie surface in the 
direction of the line joining the Moon and Sun. 

These spots are observed to maintain almost exactly 
the same position with regard to the disc, whatever the 
position of the Moon in its orbit. Hence a line joining the 
centres of the Earth and Moon meets the surface of the 
Moon in nearly the same point on the surface in all 
positions of the Moon ; the straight line, therefore, which 
joins this point with the centre of the Moon is not fixed in 
direction, but changes its direction in such a manner as to 
describe an angle of 360® in space in a sidereal revolution 
of the Moon. Hence the Moon rotates about an axis which 
is nearly perpendicular to its orbit^ and completes a rota- 
tion in a sidereal period. 

1S2. Changes of phase of the Moon in the course of 
a synodic period. 

Except at opposition the Moon is never seen with its 
whole disc illumined; and the proportion of it which is 
illumined is observed to depend simply on the position of 
the Moon with reference to the Sun. At conjunction, or 
new Moon, when the Moon is nearly in the same direction 
as the Sun, it is overpowered by the Sun's rays, and is not 
visible at all: as soon as it has moved from the Sun suffi- 
ciently far to be distinguished, which will be in two or 
three days, it is seen as a thin crescent, with its convex 
boundary turned towards the Sun. As the Moon recedes 
from the Sun, the width of the crescent increases, till 
when the Moon is in quadrature half the disc is illununed ; 
during this period the illumined part has been crescent- 
shaped and the Moon is said to be homed; as the Moon 
proceeds the width of the bright part increases, both 
boundaries being donvex ; in this state the Moon is said to 
be gibbous. When the Moon has arrived at opposition, 
the whole disc is illumined, and it is full Moon : from 
opposition to quadrature the breadth of the illumined part 
diminishes, the Moon at quadrature being again half- 
illumined: from quadrature to conjunction the illumined 
part is crescent-shaped, continually diminishing till it is 
again lost in the rays of the Sun. 

183. Explanation of the clianges of phase. 

We shall now shew how these changes of phase are 
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explained, by considering the Moon as an opaque body 
deriving its light from the Sun ; since the Moon's orbit is 
inclined at only 5® to the ecliptic, we shall, for simplicity, 
consider it to coincide with the ecliptic. 

Let SyBfMhe the positions of the centres of the Sun, 
Earth, and Moon at any time; draw ACy MD in the plane 
SEM perpendicular to /SJf , EM respectively. Then a 
plane through AC perpendicular to SM intersects the 
surface of the Moon in the bound9.ry between the illu- 
mined and unillumined halves; for on account of the 
distance of the Sun, the rays from it to the Moon are 




nearly parallel to SM, Again, a plane through MD per- 
pendicular to ME separates 'approximately the half of the 
Moon which is seen from E from the other half. Hence 
of the visible portion only the part represented by DC\& 
illumined; the visible illumined surface is therefore pro- 
j)ortional to the angle DMG, 
Produce EM to N; then 

L DMC= 90* - Z. DMS= L SMN; 

also, on account of the great distance of the Sun, the angle 
ESM is never very great; the angles SMN, SEM are 
therefore nearly equal; and hence the angle DMC is 
nearly equal to the angle SEM. Thus as i£e Moon pro- 
ceeds from quadrature to quadrature through coi\junction, 
the angle DMC varies from 90^ through 0^ to 90^ again: 
the Moon is therefore in this part of the orbit crescent- 
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8hai)ed; and the proportion of the disc which is illumined 
varies from half through zero to half again; this agrees 
with the observed phenomena. Similarly the i^enomena 
of the phases in the other half of the orbit may be ex- 
plained. 

When the Moon is full the Sun and Mo<m are at 
exactly opposite points of the heavens, — supposing as 
before that the Moon's orbit coincides with the edq)tia 
The Moon is therefore below the horizcm during the day 
and above during the night, and crosses the meridian at 
midnight ; and the Sun and Moon are at the same distance 
from the equator, on different sides of it. Thus at mid- 
winter, when the Sun has its greatest south declination, 
the Moon has its greatest north declination; at midwinter, 
therefore, the full Moon's meridian altitude is greatest ; so 
at Midsummer the full Moon's meridian altitude is least ; 
also from the autumnal to the vernal equinox the full 
Moon's meridian altitude is constantly greater than from 
the vernal to the autumnal. 

I When the Moon is new, it is between the Earth and 
the Sun ; the whole of the Earth's surface which is turned 
towards the Moon is therefore illumined; and when the 
Moon is frill all the dark half of the Earth is turned 
towards the Moon. It is easily seen that in any other 
position of the Moon the phases of the Earth and Moon 
are supplementary to each other, the illumined portion 
of the Moon's sur&ce visible to the Earth being the same 
part of its whole surface, as the unillumined portion of the 
Earth visible from the Moon is of the Earth's whole sur- 
&oe— >the small angle subtended by the Moon's orbit at 
the Sun being neglected. 

184. tSkin^s distance cannot practically he deduced 
flrom observation qfthe Moon when dichotomized. 

When the Moon is half frdl, or dichotomized, the plane 
of separation of its illumined and unillumined parts passes 
through the Earth. Thus, in the figure, p. 161, AC cxy- 
inddes with ME\ therefore lSME is a right angla 
Hence if lSEM the angle of elongation of the Moon 
=^, ME=SE oohE, Hence, if the elongation of the 
Moon, when dichotomized, be observed, we have an equa* 
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tion for detennining the Sun*s distance, that of the Moon 
bemg supposed known. 

Practically this method is of no valae, on account of the 
impossibility of accurately ascertaining when the Moon is 
dichotomized; and a small error in determining this would 
very largely affect the restQt For, since MJS is very small 
compared with SB, cosJE^ is very small, and lE very 
nearly a right angle. Now suppose JE tohe the true, and 
E+h the observed elongation, then 

cos J^-cos(j&+A) = 2sin-.sin/'j|^+-) ; 

cos E- cos (E+h) ft . qA . . J. A rr 

/. f^ ^ = 2sm^^+smA. tani^. 

cos E 2 

Since E is nearly a right angle tan E is very large ; hence 
sin h tau E may be large even when h is small. Hence, 
the error in the Sun's distance as determined by this 
method may bear a large ratio to the Sun's distance. 

185. Librations of the Moon. 

It has been shewn that the Moon rotates about an axis 
nearly perpendicular to the plane of its orbit. The Moon's 
equator, i e. the plane through its centre perpendicular to 
the axis is therefore nearly coincident with its orbit : it is 
inclined to the orbit at an angle of about 1^^ 

It is probable, from dynamical considerations, that the 
period of rotation of the Moon, like that of the Earth, is 
accurately constant; a radius of the Moon's equator there- 
fore describes equal angles in equal times. Since, how- 
ever, the Moon's orbit about the Earth is an ellipse, a 
line joining the centres of the Earth and Moon describes 
equal areas in equal times ; this line will therefore have a 
variable angular velocity which is greatest at perigee and 
least at apogee. Since, however, the point in which it 
meets the surface of the Moon never deviates much in 
position from a fixed point on the surface, the angular 
velocity of rotation of the Moon is the mean of the an- 
gular velocities of the Moon in its orbit : thus at perigee, 
the Moon's orbital motion is greater than its motion of 
rotation, and the surface presented to the observer will 
vary slightly, so that a small portion becomes visible on 
that side which it would present if there were no rotation, 
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1 e. a portion of tiie west edge ; similarl j at apogee, the 
Moon wonld shew a portion of the east edge; and the 
amounts of its surface on either side which the Ifoon pre- 
sents in this manner are the same at eyery perigee and 
apogee. Of course, since the excentricity of the elliptic 
orbit is yerj small, the i)ortions of sur£EU» thus shewn 
are yery small 

This phenomenon is called the Libration in Longitude, 

Again, since the axis of rotation of tiie Moon is not 
perpendicular to its orbit, its inclination to the radius of 
the orbit will yary in different parts of the orbit ; thus, at 
different times either pole of the Moon is differently pre- 
sented to us; and different parts of the sur&ce about the 
poles are presented to us. Since the Moon's axis is so 
nearly peipendicular to the orbit, the surfaces thus alter- 
nately presented and hidden are very smalL 

This is called the Libration in Latitude. 

Lastly, an observer at any place on the Earth will, on 
account of parallax, see more of the Moon's upper limb 
when the Moon is on the horizon, and more of its lower 
when the Moon is high up ; and the variations in the sur- 
face shewn from this cause will be greater the greater the 
meridian altitude of the Moon. Also, the upper and lower 
limb will be different for observers in different latitudes. 
Thus there will for each latitude be a daily variation due 
to parallax, the variation depending on the latitude of the 
observer. 

This is called the Diurnal Libration^ 

186. Harvest Moon. 

In consequence of the orbital motion of the Moon from 
west to east, it rises later every day. If the orbit of the 
Moon coincided with the equator, and the angular velocity 
about the Earth were uniform, the time by which the 
Moon's rising is retarded would be the same from day to 
day; but since the Moon's orbit is inclined to the horizon 
at different angles at different times, the amount of re- 
tardation varies considerably. We propose here to con- 
sider the retardation of the Moon at different times of the 
year, the Moon's orbit being supposed to coincide with the 
ecliptia 
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Let P be the north pole, M the Moon at rising on any 
day, Mm the arc of its orbit described in a day, mJlf 
an arc of a small circle 
parallel to the equator, 
meeting the horizon in 
JH'; then M' is the posi- 
tion of the Moon at 
rising the next day ; for 
when the point M of the 
orbit meets the horizon 
the next day the Moon is 
at m below the horizon, 
and its diurnal circle 
is mM\ Now Mm is 
nearly constant, and the 
small circle mM' is in- 
clined to the horizon at 
an angle equal to the co-latitude ; thus mM' is clearly least 
when the angle vn,MM' is least, or when the Moon's orbit 
is inclined at the least angle to the horizon ; and greatest, 
when it is inclined at the greatest angle. 

Again, for a given value of Mm, the angle M'Pm, is 
easily seen to be least when Pm is 90® ; the retardation in 
the time of rising is therefore least when the Moon is 
crossing the equator, and at the time when the Moon's 
orbit is least inclined to the horizon. Now the diurnal 
circle of the pole of the ecliptic is a small circle about P; 
its angular distance from the zenith is therefore greatest 
when it crosses the meridian below P, and least when it 
crosses it above P; thus, when the equator and ecliptic 
intersect on the horizon, and the part of the ecliptic below 
the horizon is between the equator and horizon, the incli- 
nation of the ecliptic to the horizon is least. 

Hence the retardation is least when the Moon is in 
Aries. 

Thus when the Moon at full is nearest to Aries the 
retardation is less than for full Moons in all other posi- 
tions; but in this case the Sun is in Libra. Thus, of all 
full Moons in a year, that which happens nearest the time 
of the Autumnal equinox, or nearest the 22nd of Septem- 
ber, is the least retarded in its time of rising on successive 
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evenings. Its time of rising is therefore for several con- 
secutive evenings nearly coincident with the time of sunset 
The full Moon which happens about this time is called the 
Harvest Moon, 

If the inclination of the Moon's orbit to the ecliptic 
be taken into account, the retardation is easily seen to 
be least of all when the Moon and the ascending node of 
its orbit are at Aries together. 

In our latitudes the retardation may be as small as 15 
minutes, and as great as 75. 

187. Phenomena visible from the Moon, 

It will be instructive to consider what would be the 
general nature of the appearances of the heavens to an 
observer on the Moon. 

Since the Moon rotates on its axis once a month, the 
heavens will appear to revolve in the same period, the 
diurnal circle of any star being parallel to the Moon's 
equator. Again, since the orbital velocity of the Earth 
about the Sun is greater than that of the Moon about the 
Earth, the general direction of motion of the Moon in 
space is the same as that of the Earth; also, as has 
been said, the Moon's orbit is everywhere concave to the 
Sun. Thus the Sun will appear to have a motion relative 
to the stars; and this motion will be in the opposite di- 
rection to the motion of the heavens due to the Moon's 
rotation; for the general direction of the Moon's rotation 
is the same as that of its motion about the Sun. The 
apparent motion of the Sun will be most rapid when the 
Earth is between the Moon and the Sun, and least in the 
rest of the month or of the Moon's day. 

The Earth will be seen by observers on one half of the 
Moon in a fixed direction — ^neglecting the librations — ^while 
the rest of the heavens revolve, and will be observed to go 
through all its phases in one of the Moon's days: observers 
on the other half never see the Earth at all. To an ob- 
server on the hemisphere facing us the Earth will heftiU 
when the Sun is below his horizon at the opposite pert of 
the heaven to the Earth; the Earth will thus illuminate 
the Moom more or less during the Moon's night: this illu- 
mumtion of the Moon by the EaxV^i ex:^\aixi<&^b:Y for a short 
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time before and after new Moon the part of the Moon 
unillumined by the Sun is visible to us. The Earth will 
be new when the Sun is seen nearly in the same direction 
as the Earth. 

188. Moon's atmosphere^ if any^ must he extremely 
rare. 

The Moon either has no atmosphere, or, if it has one, it 
must be at least 1000 times rarer than that of the Earth. 
This is proved principally by observations of stars when the 
Moon in its orbit passes between them and the Earth, so as 
to occult them; when this happens the light of the star, 
which comes to the eye of an observer on the Earth just 
before and after the occultation, passes through the strata 
of the Moon's atmosphere — ^if there is one— in a direction 
almost tangential to the strata; the refraction is therefore 
the greatest possible. The light of the star would there- 
fore be seen for some time after the contact of the Moon 
with the star at the beginning of the occultation, and 
before the actual emergence of the star from behind the 
Moon at the end ; the period of an occultation would, on 
both accounts, be less than the calculated time of describing 
the chord of the Moon joining the points of first contact 
and emergence. But no difference has been observed be- 
tween the calculated and observed times lai^e enough to 
be accounted for by a lunar atmosphere which is not of 
extremely small density. 

Besides the effect which an atmosphere would have in 
shortening the duration of an occultation, the brightness of 
the star would be perceptibly diminished by it just before 
and after the occultation; this effect^ however, is not 
observed. 

It remains to mention another effect which would 
necessarily follow from the existence of a lunar atmosphere. 
It is that in consequence of twilight rather more thsui half 
the Moon's surface would be illumined by the Sun. Hence, 
when the Moon is a thin crescent, and the separation of the 
illumined from the unillumined parts consequently very 
clearly defined, the illuminated edge of the Moon should be 
more than a semicircle. This appearance has been ob- 
served, but to such a small extent as to indicate an atmo- 
sphere of extreme tenuity. 
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189. Satellites. 

Jupiter is attended by four satellites, three of which 
move in nearly circular orbits about the centre of their 
primary, their orbits being nearly in the plane of his 
equator; the orbit of the fourth is an ellipse of consider- 
able excentricity, and its plane is inclined to the equator at 
about 8^ A remarkable relation has been observed be- 
tween the angular Telocites of the first three in their orbits 
about Jupiter; it is that the sum of the angular velocity of 
the first and twice that of the third is equal to three times 
that of the second. 

Saturn is known to have eight satellites. Of these the 
most remote from Saturn has been noticed to have a re- 
markable variation of brightness according to its position 
in its orbit, the minimum brightness always occurring at a 
definite elongation from Saturn. It has been concluded 
from this that the satellite rotates about its axis in the 
same time as that in which it revolves about its primary, 
an inference which is supported by the analogy of the case 
of our Moon. 

Uranus has at least four satellites, moving in orbits 
nearly perpendicular to the ecliptic. 

Neptune has one satellite at least, the orbit of which is 
inclined to the ecliptic at an angle of about 35^. 



CHAPTER X. 

ON THE DETERMINATION OF GEOGRAPHICAL 
LATITUDE AND LONGITUDE. 



LATITUDE. 



190. Latitude determined by observations qfdreum- 
polar stars. 

The latitude of a place is (Art. 12) the angular distance 
of the zenith of the place from the celestial equator, 
measured on the celestial meridian. The complement of 
this angle, which is the angular distance of the zenith from 
the pole, is called the co-latitude. 

If there existed a star situated exactly at the pole, we 
should be able at once to find the co-latitude at a fixed 
Observatory, by observing with the Mural Circle the 
zenith-distance of that star. There is, however, no such 
star ; we cannot therefore observe the co-latitude directly. 
It may, however, be inferred from observation of a circum- 
polar star above and below the pole. If the observed 
zenith-distances of such a star at its superior and inferior 
transits be corrected for refraction and aberration, half 
their simi will be the zenith-distance of the pole. 

In practice, after the co-latitude has been determined 
approximately by this, or any other method, it is applied 
to determine the N.P.D.s of a number of circumpolar stars 
from their zenith-distances both at their upper and lower 
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transits: each star being observed several times at each 
transit, and the mean of the observed Z.D.s at the upper 
transit taken as the correct Z.D., and similarly for the lower 
transit 

If the assumed co-latitude be correct, the N.P.D. as 
determined from the upper transits of any star will be 
equal to that found from the lower transits. Suppose, 
however, the co-latitude assumed be too great; the upper 
transits will place the pole too low by the amount of the 
error, the lower transits too high by the same amount. 
The N.P.D.S will therefore differ by twice the amount of 
the error of the assumed co-latitude : the same may simi- 
larly be shewn to be true if the assumed co-latitude be too 
small If, then, half the difference of the N.P.D.s, as de- 
termined by upper and lower transits of any star, be taken, 
and the mean of the results for several stars found, we 
shall have a very correct determination of the error of the 
assumed co-latitude: the latitude will therefore be very 
accurately determined. 

191. Latitude determined ly cbserwUiont loith a 

sextant. 

Where there is no fixed observatory, and consequently 
no meridian-instruments, the co-latitude may be determined 
by observations with a Hadley's sextant. 




B A\ 



\ 



The sextant may be used for determining altitudes by 
taking the angle which a star and its image subtend at the 
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observer's eye. Thus, let s he a, star, s^ its image reflected 
from a trough of mercury; BC the surface of the mercury ; 
8 A a ray reflected in the direction AE; j& the observer's 
eye; Es, parallel to As, the direction of the star. Then, 
the angle sBA is equal to the angle sAs^, or to twice the 
altitude of the star. Now, by means of the sextant an 
observer can determine the angle subtended by s and ^ at 
his eye: and this angle, by what has preceded, is twice the 
star's altitude. Hence the altitude of the star is known. 

If, now, the star be on the meridian at the time of ob- 
servation, the zenith-distance of the star is the sum, or 
difference, of its N.P.D. and of the co-latitude of the place ; 
thus the altitude of a known star would determine the co- 
latitude. In the absence of a meridian instrument, how- 
ever, this cannot be secured; and we must observe the 
star twice, once before, and once after passing the meridian, 
when its altitude is the same as it was p 
at the first observation. The star is, at 
the second observation, precisely at the 
same distance from the meridian as at 
the first, and its hour-angle is the same. 
Hence the difference between the si- 
dereal times of the observation gives 
twice the hour-angle at either observa- 
tion. Hence, if P be the pole, Z the 
zenith, S the star, the observations give 
ZSsjid the angle ZPS; and the Nauti- 
cal Almanac gives SP, if the star is 
known. These three data quite deter- 
mine the spherical triangle SPZ : hence 
ZP the co-latitude can be found. '^^ 

The same method is applicable to the Sun ; but in this 
case the change of N.P.D. m the interval between the 
observations must be taken into account in the calculation. 

LONGITUDE. 
192. Methods of determining the longitude of a place. 
It has been explained in Chapter v. that both the 
sidereal and the mean solar time differ for places in differ- 
ent longitudes at the same instant of absolute time; the 
reason being that the commencement of a day is reck<s\ssA 
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at each place from the time of transit of the first point of 
Aries or the mean Sun over the meridian qf the place. 

Since the declination-circle through the mean Sun sepa- 
rates, from any given meridian of the Earth, by equal 
angles in equal times, the difiference of longitude of any 
two places is proportional to the interval elapsed between 
the times of transit of the mean Sun over their meridians, 
1. e. to the time indicated by a mean solar clock at the 
first meridian at the instant when the mean Sun is on the 
second ; thus, the difiference in the times of a phenomenon 
occurring at a given instant as recorded by clocks at two 
places is proportional to their difiference of longituda This 
is the principle of all the methods used for determining 
longitudes. 

We shall briefly explain the most important methods 
for this purpose; these are 

(1) By terrestrial signals observed simultaneously at 
the two places. 

(2) By transmission of chronometers. 

(3) By eclipses of Jupiter*s satellites. 

(4) By Moon-culminating stars. 

(5) By the Moon's greatest altitude. 

(6) By lunar distances. 

(7) By eclipses of the Moon and Sun, and by occulta- 
tions of stars by the Moon. 

193. (1) The method hy Signals, 

A rocket or a mass of gunpowder is exploded at a place 
intermediate between the two stations; the difiference of 
the local times of the phenomenon at the instant at which 
it is observed at the two places gives their difiference of 
longitude. 

This supposes the places to be so near to each other 
that the same signal may be visible to both. If they are 
too far ofif, a series of intermediate stations are selected 
so near to each other that observers at any two consecu- 
tive stations can observe a signal given at some point 
between them. By this means the diiOference of longitude 
between each pair can be found ; and thus the difiference 
of longitude between the stations for which it is required 
becomes known. 
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When two Observatories are in telegraphic communicar 
tion with each other, the time of transit of any star, 
taken by the galvanic method (Art 58), at one of the Ob- 
servatories can, by connecting the galvanic wires of the 
transit instrmnents at the two Observatories with the 
telegraphic wires, be recorded simultaneously at both 
stations. We thus obtain the local times at the two Ob- 
servatories of the transit of the star over the meridian of 
one of them; the difference gives the hour-angle between 
the meridians or the difference of longitude. 

We have assumed the transmission of the galvanic 
current to be instantaneous. This is not quite true, though 
the velocity is extremely great; and by taking the mean 
of the results given by transit at the two Observatories, 
the error arising from this cause is eliminated. Suppose, 
for example, that Greenwich and Paris are the two sta- 
tions, then, since Greenwich mean noon occurs after that 
of Paris, the clock at Greenwich at any given instant is 
behind the Paris clock; the time in which the current 
travels from Greenwich to Paris will> therefore, by causing 
the observation to be recorded at Paris later than it 
should be, increase the interval between the recorded 
local times of the transit of the star across the meridian 
of Greenwich, by the time which* the current takes to 
travel from Greenwich to Paris. Similarly, the difference 
of local times given by an observation at Paris is as much 
diminished. The mean of the observations, therefore, 
gives a correct result. 

194. (2) Ths metJiod Jyy transmission qf chrono- 
meters. 

The principle of this method is very obvious. If the 
error of a chronometer and its rat^ are known, and if itd 
rate can be assumed to be steady, a chronometer trans- 
mitted from one place to another indicates at the latter 
place, at any given instant, the local time of the former; 
this, compared with the local time at the latter, as cor- 
rected by observations of transits, gives, by what has been 
said, the difference of longitude between the two places. 
The application of this method is encumbered with prac- 
tical ddfficulties, into which we cannot enter here. 
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195. (3) The metTiod by eclipses qfJupitet's satellites. 
Since the planets and satellites derive their light from 

the Son, it happens sometimes that one of these bodies, 
being interposed between the Sun and another body^ de- 
prives the latter of the light of the Sun, and renders it 
invisible. It thus happens that, in consequence of the 
motions of the satellites of Jupiter in their orbit round 
their primary, they enter at intervals into the shadow 
caused by the interposition of its body between them and 
the Sun. Since the disappearance and reappearance of a 
satellite of Jupiter, on entering into and emerging from 
the shadow, happen each at a definite instant of absolute 
time, the difference between the recorded local times at 
different places at which each of these phenomena hap- 
pens, 'affords a means of determining the difference of 
longitude of the places. 

196. (4) The method by Moon-culmifuxting stars. 
The Moon by its orbital motion about the Earth sepa- 
rates in R.A. from any fixed star by 360^ in 27*32 days. 
In one day, therefore, its motion in R.A. is rather more 
than 13^ ; at the beginning and end of an hour it transits 
two meridians nearly 15® apart, and in this interval of time 
its motion in R.A. is more than half a degree. 

If, then, the R.A. of the Moon be ascertained at its 
transit over the meridian of a place on any day, and if the 
rate of its motion in RA. at the time be known, and the 
R.A. which it had at the instant of its preceding transit 
over the meridian of Greenwich, the difference of the 
KA.S at the place and at Greenwich determines the 
longitude of the place. 

For the purpose of facilitating the application of this 
method the Nautical Almanac gives the R.A. of the 
Moon's bright limb at each transit over the meridian of 
Greenwich, the sidereal time occupied by a semi-diametw 
of the Moon in its transit, and the motion in R.Al. of 
the Moon in the interval of its transits over two places 
differing by 15®, or one hour, in longitude. If^ then, A^ 
be the difference between the observed R.Al. of the Moon's 
centre at its transit over any meridian and the given 
K.A. at its preceding transit over the meridian of Green- 
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wich, and i^ the given motion in B JL for 15^ of longitude^ 
we have 

S^ :A^ :: 15° : required longitude ; 
from which proportion the longitude of the place can be 
calculated. 

In order to detei*mine the R.A. of the Moon's centre 
at its transit over the meridian of the place, the difference 
of sidereal time between the transits of the Moon and a 
star near it is ts^en ; from which, if the R. A. of the star is 
known, that of the Moon can be deduced (Art. 33); 
the star so observed should have as nearly as possible the 
same N.P.D. as the Moon, in order that iJie instrumental 
errors— which depend on the position of the object ob- 
served at its transit over the meridian — may be as nearly 
equal as possible for the Moon and star. The places of 
certain stars satisfying this condition are recorded in the 
Nautical Almanac; these stars are called Moon-cuU" 
Tninating stars, 

197. (6) By the MoorCs greatest altitude. 

The Nautical Almanac gives the Moon's decimation for 
every day of the year at the time of its transit over the 
meridian of Greenwich ; i( then, the Moon's declination at 
its transit over any meridkn can be ascertsdned, it will be 
found to lie between the declinations at the preceding and 
succeeding transits at Greenwich. Hence, assuming the 
rate of change of declination of the Moon between two 
successive transits to be constant,, the Greenwich time, at 
which the Moon had the declination it was found to have 
at the place of observation, becomes knovm ; hence if the 
local time of transit be Imown, the difference gives the 
longitude of the place. 

The Moon's declination is the difference of its meridian 
altitude and of the co-latitude of the place ; on account of 
the change of declination the Moon's meridian altitude does 
not quite coincide with its greatest altitude ; if therefore 
the Moon's greatest altitude be observed, a correction must 
be applied^ depending on the rate of change of the Moon's 
declhiation, in order to get the meridian altitude. Whea 
this has been done the longitude of the place can be in- 
f erred, as has been exphuned. 
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198. (6) By lunar distances. 

This is the method used at sea; the obseirations being 
such as can be taken with a sextant. The principle of the 
method is the same as that of the method by Moon-culmi- 
nating stars ; the determination by observation of the dis- 
tance of the Moon's centre from a planet or bright star 
playing the same part in this process which the determina- 
tion of its E. A. does in the other. 

The Nautical Almanac gives, for every three hours of 
mean solar time, the angular distances of the Moon's centre 
from certain planets and bright stars, corrected for refrac- 
tion and parallax; from this by proportional parts, or by a 
process called interpolation, we may deduce with great 
accuracy the distances of the Moon from the same objects 
for any intermediate time — ^the time being of course 
reckoned from Greenwich mean noon. 

If, then, the longitude is required at any place, the dis- 
tance of the Moon's bright limb from a star or planet is 
observed with the sextant; this has to be corrected for the 
angular radius of the Moon, in order to get the distance 
of the Moon's centre. 

The altitudes of the Moon and star are also taken, 
. either at the same time, or before and after the lunar dis- 
tance; if the latter, the times of all the observations being 
known, the altitudes at the time of taking the lunar dis- 
: tance can be deduced. The places of the Moon and star 
can now be corrected for parallax and refraction, both of 
which corrections depend upon the altitude — ^this is called 
clearing the lunar distance; — ^the correct geocentric dis- 
tance of the Moon from the object observed is thus known. 
Now this geocentric distance will be intermediate between 
two consecutive lunar distances the Greenwich mean times 
of which are given in the Nautical Almanac. Thus, the 
Greenwich mean time of the observation can be deduced; 
and this, compared with the local time/ gives the longitude 
tof the place. 

199. (7) By eclipses qf the Sun and Moon^ and by 
ficcuUations qf stars by ths Moon. 

The entrance of the Moon into, and emei*gence from the 
shadow of the Earth thrown by the Sun, happen, as in the 
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case of Jupiter's satellites, at definite instants of absolute 
time; and the difference of longitude of two places can 
therefore be determined by an eclipse of the Moon in the 
same manner a^ by an eclipse of a satellite of Jupiter. 
But this method is practically of little value, on account of 
the infrequency of eclipses of the Moon, and of the im- 
possibility of determining the precise moments of the 
beginning and end of one. 

An occultation of a star is a phenomenon which can be 
observed very accurately, and the local time of the pheno- 
menon can therefore be determined with exactness. Also 
from the tables of the Moon's motion its exact geocentric 
position at any Greenwich mean solar time can be found, 
and consequently the times at which an occultation would 
appear to begin and end to an observer at the centre of the 
Earth ; and hence the Greenwich times of the beginning 
and end can be calculated for any place on the surface of 
the Earth, or for any given longitude. Again, for a given 
longitude the local time corresponding to a given Green- 
wich time can be found ; and thus the local times for an 
occultation at any given place can be calculated. If, then, 
an occultation be observed at any place, and the local time 
found, we have data for determining the longitude of the 
place. 

This is the principle of the method by occultations ; the 
same principle applies to eclipses of the Sun, which may be 
calculated for any place beforehand, and from the observed 
time of the occurrence of which, therefore, we may simi- 
larly deduce the longitude. 
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CHAPTER XI. 



OF ECLIPSEa 



200. Explanation of the phenomena of a lunar eclipse. 

Eclipses are of two kinds, namely, of the Moon and of the 
Sun, and may be described in general as being caused, re- 
spectively, by the passage of the Moon through the shadow 
thrown b^nd the Earth, and by the passage of the Moon 
between the Earth and the Sun so as to intercept the 
Sun's light from the Earth. It is manifest that if the 
motions of the Sun, Earth, and Moon, be accurately known, 
so that their relative positions at any time can be predicted, 
it will be only a matter of calculation to determine when an 
eclipse will take place; but the method of calculation must 
be very diflferent in the case of a lunar from that of a solar 
eclipse, and the latter will be very much more complicated 
than the former, as will be seen when we have described 
the phenomena more particularly. 

LUNAR ECLIPSE. 

Let S be the Sun, E the Earth; draw the common 
tangents to their surfaces ACU, BDU, meeting in U, and 
the two APDP", BPCP\ meeting in P between the Sun 
and Earth ; then the portion of the cone, of which the vertex 
is Uy behind the Earth, is the Earth's shadow, and is called 
the umbra; the portion behind the Earth of the cone, of 
which the vertex is P, is partially free from the Sun's rays 
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in consequence of the intervention of the Earth, and is 
Called the penumbra. When the Moon is eclipsed it is 




observed to enter the penumbra first, and afterwards the 
umbra : while in the penumbra the Mqou is partly deprived 
of the Sun's light, and, in consequence, becomes perceptibly 
less bright; but as soon as it reaches the umbra the portion 
immersed in the umbra is almost totally obscured, and a 
small crescent is seen very distinctly separating the small 
dark portion in the umbra from the comparatively bright 
part which is in the penumbra; it is, accordingly, not till 
the Moon has reached the umbra that the eclipse is con- 
sidered to have really begun. Since the Moon and the 
Earth's shadow are both moving from west to east on 
account of the orbital motions of the Moon and Earth, and 
since the Moon's motion is the more rapid, the Moon enters 
the shadow on the west of it and emerges from it on the 
east ; and thus the eclipse of the Moon begins on its eastern 
limb. On account of the relative magnitude of the Earth's 
diameter and the distance of the Moon, the distance of the 
vertex Uoi the umbra from the Earth is three or four times 
aB great as that of the Moon, and hence the Moon will 
always pass through the umbra if at the time of geocentric 
opposition its path is rightly directed. 

But there is not necessarily an eclipse of the Moon at 
each opposition, because the Moon's orbit is inclined to that 
of the ecliptic, and at the time of opposition it may not be 
sufficiently near to a node, to pass through the unibra. 

If the Sun is not too far from the node, the whole Moon 
will be, at the middle of the eclipse, entirely obscured ; for 
the diameter of the circular section of the Umbra at the 
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Moon's distance varies from about two and a half to three 
times the diameter of the Moon : the eclipse is then said to 
be total. When the Moon passes through the Earth's 
shadow, so that throughout the eclipse only a portion of the 
surface is obscured, the eclipse is said to be partial. 

201. Number of eclipses of the Moon possible in a 
year. 

It is found that, in order that an eclipse of the Moon 
may be possible, the distance of the Sun from the nearest 
node of the Moon's orbit, on either side of the node, when 
the Moon is in opposition to the Sun, must not exceed 
about 12^^; this is called the lunar ecliptic limit; the Sun 
is within this distance from the node, on one side or the 
other of it, while describing an arc of its orbit equal to twice 
12^® or ^5®, the time- of describing which angle is given by 
the folio v\iug proportion : 

360® : 25® :: 365*24 days : the time required; 

this gives between 25 and 26 days, which is less than the 
time of a synodic revolution of the Moon. If, therefore, a 
lunar eclipse happens when the Sun is near either node, 
when the Moon is next in opposition the Sun will be distant 
from the node by more than 12^**; there will, therefore, not 
be an eclipse of the Mood ; and none can happen again at 
that node, until the Sun has come round to it again. 

Thus there can only be one eclipse of the Moon at each 
node in the course of a year. And there may be none, for 
the Sun may describe the whole arc of 25® between two 
successive oppositions of the Moon. 

We have here considered the Moon's nodes to be sta- 
tionary; but they have a retrograde motion of about 19® in 
a year. If, then, an eclipse of the Moon happens at either 
node at the beginning of the year, the same node will meet 
the Sun before the end of the year ; there may, therefore, 
be two eclipses at that node in the year. Thus altogether 
there may be three limar eclipses in a year; and there may 
be none. 

202. Conditions of possibility qf a lunar eclipse. 
Lunar ecliptic limit. 

We shall endeavour to explain the mode of making th« 
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calculations necessary to determine whether at any given 
opposition the Moon will be eclipsed, and to what extent. 

Let EN be a small portion of the path of the centre 
of the Earth's shadow at the distance of the Moon, considered 
as a straight line, MN a portion of the path of the Moon's 




centre, M being the position at the time of opposition, and 
N the node. Then it will be convenient to suppose the 
Earth to remain fixed, aiid the Moon to move in an imaginary 
orbit MN% called a relative orbit, such that the distance 
between the centres of the Moon and shadow shall always 
be the same as they actually are. Let rnf be the Moon's 
centre when the centre of the shadow is at E' ; join E'rn^ 
take m'm equal and parallel to EE\ and join Em ; then 
Etn will be equiil and parallel to E'ra^ and m will therefore 
be a point in the relative orbit. It is not difficult to see 
that the relative orbit MN' will be a straight line, and its 
inclination MN'E to the plane of the ecliptic may be cal- 
culated from a knowledge of the inclination of the Moon's 
orbit and of the relative velocities of the Earth and Moon. 

The radius of the umbra at the Moon's distance, or 
rather the angle subtended by that radius at the Earth, 
may be easily calculated from the parallaxes of the Sun and 
Moon and their apparent diameters ; all which quantities are 
known and registered. 

Now draw EA perpendicular to the relative orbit; 
then since ME, which is the Moon's latitude at the time of 
opposition, and EM A are known, EA may be calculated. 
EA is the nearest approach of the centres of the Moon and 
the umbra; if then EA be greater than the sum of the radii 
of the Moon and the umbra, there will be no eclipse, if less 
there will be an eclipse of greater or smaller degree of 
obscuration according to the value of EA, If we draw two 
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lines Euy Eu', each equal to the sum of the radii of the 
Moon and umbra, then u and u' will be the positions of 
the Moon's centre at the commencement and termination 
of the eclipse respectively ; and by calculating these posi- 
tions we can easily determine the times of the commence- 
ment and termination. 

The value of EN— the distance between the centres of 
the Earth's shadow and the node of the Moon's orbit at 
opposition — when EA is equal to the sum of the radii of 
the umbra and the Moon, is its greatest value consistent 
with the possibility of a lunar eclipse; this value is called 
the lunar ecliptic limit 

203. Places at which a given lunar eclipse is visible. 

Since a lunar eclipse is caused by an actual deprivation 
of the Sun's light, in order to determine the places at 
which a given lunar eclipse will be visible, it is only ne- 
cessary to determine the places which will have the Moon 
above their horizon at the time. The calculation is easily 
made, but for practical purposes it is sufficient to proceed 
as follows: Take a common terrestrial globe, determine 
upon it the Moon's place at the commencement of the 
eclipse, then all places on the hemisphere lying round this 
point will see the commencement of the eclipse ; in like 
manner determine the hemisphere from all places of which 
the termination is visible ; then the whole of the eclipse will 
be visible from all places which are common to these two 
hemispheres. 

204. Greatest possible duration qf ths total ohseuror 
tion ofths Moon in a total lunar eclipse. 

The duration of the totality of a total eclipse of the 
moon will vary with the distance EA of the relative orbit 
of the Moon's centre from the centre of the shadow. If 
this distance be greater than the difiference between the 
radius of the shadow and of the Moon there is no total 
eclipse ; if less, there is a total eclipse ; if the relative orbit 
pass through the centre of the shadow the duration of the 
total eclipse is the time between the first and the last 
internal contact, and is therefore the time which the 
MooD*a centre takes to describe a space equal to twice the 
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difference between the radii of the Earth's shadow and 
the Moon ; this, which is the greatest duration possible, is 
found to be rather over two hours. 

SOLAR ECLIPSE, 

205. Number of solar eclipses in a year. 

The calculation of a solar eclipse is more difficult than 
that of a lunar, because the Moon by its interposition be- 
tween the Earth and the Sun will intercept the Sun*s light 
from some portions of the Earth's surface, but not from 
others, and the Sun may be visible at a given place during 
an eclipse, although the eclipse may not be visible. 

In order that a solar eclipse may be possible, the dis- 
tance of the Sun from the nearest node of the Moon's orbit, 
at the time of conjunction of the Moon, must not exceed 
about 18^^; this is the solar ecliptic limit. It is hence 
found, in the same manner as for lunar eclipses, that the 
Sun takes more than the time of a synodic revolution of 
the Moon to describe this distance on both sides of a node. 
Hence, taking account of the regression of the nodes, there 
may be three solar eclipses, and m,tJLst be one, at the same 
node, in a year ; thus at the two nodes there may be five 
solar eclipses, and must be two. 

206. Totaly annular, and partial eclipses. 

On account of the excentricities of the orbits of the 
Moon and the Earth, the ratio of the distances of the Sun 
and Moon from the Earth, at coiy unction, wiU vary slightly, 
so that the apparent diameter of the Moon will be some- 
times greater, and sometimes less, than that of the Sun. 
When there is an eclipse of the Sun, the exterior cone cir- 
cumscribing the Sun and Moon meets the Earth in a curve, 
at any point on which the discs of the Sun and Moon will 
be seen to touch each other. internally; and at any point 
within the area enclosed by the curve the Moon will com- 
pletely hide the Sun, or will leave a ring uneclipsed, accord^ 
ing as the angular diameter of the Moon is greater or less 
than that of the Sun. In the former case the eclipse is 
total, and in the latter it is said to be annular. At 
points beyond this area, and within a short distance of it, 
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the eclipse is partial^ a portion only of the Sun's disc being 
hidden. The curve is in motion throughout the eclipse, 
and the whole area enclosed by it in all portions will con- 
tain the places at which the eclipse is total or annular. 

207. Greatest possible duration of the total obscuration 
of the Sun in a solar eclipse. 

Since the Moon moves from west to east more rapidly 
than the Sun it gains on the Sun, and an eclipse of the Sun 
begins therefore when the Moon's east limb begins to cover 
the west limb of the Sun. The duration of the totality of 
a total eclipse is greatest when the line of nodes of the 
Moon's orbit at the time passes through the Sun's centre, 
and the apparent diameter of the Moon is its greatest pos- 
sible, and that of the Sun its least ; and the duration of the 
totality is the time taken by the Moon to gain on the Sun 
by a space equal to the difference between tiiese apparent 
diameters. Now, the difference between the greatest angu- 
lar diameter of the Moon and the least of the Sun is about 
two minutes of space ; and in one lunation, or 29^ days, the 
Moon moves through 360® relatively to the Sun ; hence, it 
will be found that the Moon takes about four minutes of 
time to move relatively to the Sun through two minutes of 
space. Thus the totality of a total solar eclipse cannot last 
longer than four minutes. 

208. Circumstances of a solar eclipse at different 
places. 

We shall attempt to give some account of the mode of 
calculating the circumstances of a sular eclipse, premising 
that as we have already supposed the Earth to remain 
fixed and the Moon to move in a relative orbit, so here 
we shall suppose the Sun to be fixed and the Moon to be 
apparently depressed by the difference of the solar and 
lunar parallax, or (as we may call it) the relative parallax. 
This relative parallax, as well as the apparent diameters 
of the Sun and Moon, are known from the Nautical 
Almanac or some equivalent work. 

Let P be the pole of the equator, and for distinctness' 
sake, let the plane of the paper be the plane of the 
solstitial colure : 8 the Sun*s centre, supposed fixed, MM 
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the Moon's relative orbit; round a^ draw a small circle, 
haying for its radius the sum of the apparent semidiameters 
of the Sun and Moon; then to any place, which is so 
situated that the Moon's centre can be sufficiently de- 
pressed by parallax to make it fall within this small circle, 
the eclipse will be visible. 

Let us find the place at which the eclipse will be first 
seen. Draw SaM an arc of a great circle, and make Ma 
equal to the relative parallax, and produce SM to Z, so that 
Za= 90% then Z will be the zenith of the place required, 
for to such a place M will be depressed towards JS by the 
whole relative horizontal parallax. 

Again, suppose we wish to determine those places on 
the Earth's surface at which the first contact for different 
positions of the Moon first becomes visible. Let m be any 
position of the Moon in the relative orbit ; then from m we 
can draw, in general, two arcs of great circles each equal 




to the relative horizontal parallax to meet the small circle 
round aS', and if we produce these to Z and Z", making 
wZ' = mZ"— 90® - the relative parallax, the Moon will ap- 
pear depressed as much as possible to these two places, 
and therefore for the position m of the moon Z', Z" are 
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the zeniths of the two places to which an apparent contact 
will be first visible. And so we may trace a curve on the 
Earth's surface including all places determined by this 
construction. 

In like manner any other problem may be solved; 
the most general perhaps is this, To find all places on the 
Earth's surface at which a given portion of the Sun's surface 
will appear obscured at a given time. 

By methods founded upon the principles which we 
have endeavoured briefly to describe, maps are con- 
structed, such as those in the Nautical Almanac, exhibiting 
curves on the Earth's surface comprehending all places for 
which an eclipse will be visible in a given degree. 

209. Saros. Metonic Cycle, 

It is found that 19 synodic revolutions of the Moon's 
nodes, or 19 of the intervals which elapse between suc- 
cessive conjunctions of the node and Sun, are within a frac- 
tion of a day the same as 223 synodic revolutions of the 
Moon; each being between 6585 and 6586 days. At the 
end of this period therefore the Moon, Sun, and Moon's 
nodes all return to almost precisely the same positions 
with respect to one another as they had at the beginning; 
hence, nearly the whole series of eclipses which happened 
during that interval will recur in the same order. This 
cycle was known to the Chaldeans, and was called the 
Saros, 

Another cycle, known to the ancients, is one of 19 
Julian years, or 19 x 365 J days, which differs by only about 
an hour and a half from 235 synodic revolutions of the 
Moon. At the end of this period, therefore, both the Moon 
and Sun are in almost precisely the same parts of the 
heavens as at the beginning ; the new and full Moons con- 
sequently begin to recur on the same days of the month 
and year. 

This period is called the Metonic cycle. 
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1. Assuming the Earth's radius to be 3980 miles, shew that 
to an eye raised n feet above the level of the sea, an object placed 

at that level, and at about ^y/ — miles from the eye, will just ap- 
pear on the horizon. 

2. If in latitude 45^, the transit of a star .in the equator be 
unaffected by the combined effects of the errors of level and de- 
viation, prove that these errors will be very nearly equal to each 
other. 

3. How might the inclination of the ecliptic and equator to 
one another be ascertained by observations made at the times of 
the solstices? If the intersection of the plane of the ecliptic 
with the heavens were visible in the sky, of what sort would be 
its apparent daily motion? 

4. When the meridian altitude of a heavenly body is known, 
what other elements are required in order to determine its posi- 
tion among the stars ? 

5. At a place on the equator the lengths of the shadows at 
noon of a vertical rod are h and h'y towards the north and soi^th 
respectively, on consecutive days ; determine approximately the 
time of the vernal equinox. 

6. Find the latitude of a place in which the longest day 
contains 16 hours. 

7. How is it inferred that the axis of the Earth's rotation 
always coincides sensibly with the same line of particles in the 
Earth, and that it does not rapidly change its direction in space? 
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8. When the Sun has a given N.P.D. shew at what places on 
the Earth it is visible during (i) 24 huurs, (2) 12 hours continu- 
ously. 

9. Find the declination of the Sun when for a given place 
within the Arctic Circle the Sun at mid-day just appears above 
the horizon. 

10. Orion's belt being in the equator and having R.A. 5h. 
30m., during what part of the night will it be visible at the ver- 
nal and autumnal equincxes ? 

11. If a star whose R.A. is 19® 25' pass over the meridian 
2 h. 1 8m. of sidereal time before the Sun, what is the Sun's R.A. 
when on the Meridian ? 

12. The constellation ^ursa major' is visible at night all the 
year round; ^piscis australis' only during the summer ; and 'orion' 
liuiing the winter; in what parts of the heavens are these con- 
Htellations situated respectively? 

13. Within what limits of latitude will the ecliptic be per- 
pendicular to the horizon twice in a day? 

14. What is the latitude of a place with the horizon of 
which the ecliptic cau coincide ? At what time of the day does 
it happen for such a place ? 

15. At a place on the arctic circle at what point will the 
Sun rise imme(Uately before the summer solstiee? 

16. If a star whose It. A. is 19^ 25' pass over the Meridian 
2h. 1 8m. of sidereal time before the Sun, what is the Sun's R.A. 
when on the Meridian? 

17. Shew how to determine the position of the ecliptic at a 
given time of the year and hour of day. Shew in a figure the 
position of the ecliptic at 3 p.m. on June 5 for a place in latitude 

18. Shew how the phenomena of the seasons would be 
altered if the Earth's axis were inclined to the plane of the ecliptic 
at an angle of 90^, or of 4^^, or of o^, the axis being in each case 
supposed to remain parallel to- itself. 

19. If the angle between the equator and the ecliptic were 
15^, what fractional part of the Earth's surface would be included 
in the torrid zone, the temperate zone, and the frigid zone re- 
spectively ? 

20. If at midnight, at the time of the summer solstice, a 
meteor, moving from the south to the north, perpendicular to 
the Earth's orbit, with the Earth's velocity, pass through the 
zenith, shew in what direction it will appear to move. 
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21. In 365(1. 5 h. 48 m. the Sun's longitude is increased by 
360^ ; what is his mean daily motion ? 

22. Account for the fact that the time of the Sun's setting as 
given in the ordinary Almanacs is not the latest on the longest 
day. 

23. The mean time being 8 hours, find the corresponding 
sidereal time, having given the Sun's mean daily motion in 
B.A. 59' 8 '33'', and the mean K.A. at the previous mean 
noon 185® 45'. 

24. The Sun rose one morning at 8 h. 7 m., and set the 
same evening at 4 h. 5 m. What was the value of the equation 
of time on that day ? 

25. Assuming the length of a sidereal year to be 365 d. 
6 h. 9 m. 107 s. in mean solar time, find approximately the 
difference between a sidereal and a mean solar day. 

26. Assuming the actual value of the tropical year to be 
365*24224 days, prove that the error of the Gregorian correction, 
had it been skdopted at the commencement of the Christian era, 
would amount to 13 days in the year 50,000. 

27. On June 8, 1839, the Sun rose at 3h. 46 m., and set at 
8 h. 12m.; what was then the value of the equation of time ? 

28. Will the greatest diflference between the clock and the 
Sun be when the clock is before or behind the Sun ? 

29. The equation of time at noon on one day is 3 m. I4 s., 
and at tiie succeeding noon is 3 m. 12 s.; what time ought a 
correct watch to shew when a sun-dial marks 6 o'clock on the 
evening of the former day. 

30. At 2 p. M. by an ordinary clock, a sidereal clock indi- 
cated 20 h. : about what time of the year was it ? 

31. What is the time at a place 30^ west longitude, when it 
is mid-day at a place 90^ east longitude ? 

32. The difference between the parallaxes of the Sun and 
Mercury at a transit of Mercury was observed to be 4", subject 
to an error not greater than *oi'', and the calculated value of 
the Sun's horizontal parallax wan 8*65'^ ; shew that this quan- 
tity is correct within '022". Had thi tran«»it been that of Venus, 
the observed difference of the parallaxes 21 '5", and the calculated 
parallax of the Sun correct within the same limits as before, 
what would have been the greatest error to which this quan- 
tity might have been subject ? 

33. What is the cause of twilight ; and why is its duration 
much less in the tropics than in the higher latitudes ? 
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34. Assuming that light passes from the Sun to the Earth 
in 8 m. 138., that the Moon's period is 27^ days, and her dis- 
tance from the Earth a 400th part of the Sun's distance ; find 
tbe mean amount of the Moon's aberration. 

35. Shew that tables which serve to give the effects of aber- 
ration on the position of a star will also serve to give the effects 
of annual parallax three mouths previously. 

36. Prove that the ratio of the axis of the aberration-ellipse, 
of a star whose latitude is X, is i : sin X. 

37. At what seasons of the year is the aberration of a star 
in the position of the first point of Aries greatest? 

38. A star situated in the solstitial colure passes the meri- 
dian at 6 A.M. Shew that its R.A. is not affected by aberration. 
Is its declination increased or diminished by it? 

39. Under what circumstances is a planet's apparent place 
not changed by aberration % 

40. Shew that at any given time all stars which lie in a 
certain great circle have no aberration in K.A. Also give a 
geometrical conritniction for finding stars which have no aberra- 
tion in N.P.D. at a given time; and prove that the locus of such 
stars becomes a great circle twice a year. 

41. Supposing the mass of the Sun to have been greater 
than it now is, and the Earth to have described the same orbit 
which it now describes, in what respect would the aberration- 
curve of any given star have been different from what it now is? 

42. Shew that, if the annual parallax be taken into account, 
the aberration-curve of a star cannot be very different from what 
it would be if the annual parallax were neglected. 

43. If two planets describe circles in one plane, when will 
the aberration in the position of one as seen from the other be 
greatest and least? 

44. How will the position of a star in the plane of the eclip- 
tic as it appears to a spectator on the Earth be affected by aber- 
ration, as the difference of K.A. of the star and the Sun increases 
from oh. to 24h. ? 

45. Find the least diurnal rotation of the Earth, which will 
render sensible to an observer at the equator the diurnal aberra- 
tion, the least appreciable angle being i". 

46. In what positions of a star are its B.A« and N.P.D. 
respectively unaffected by annual parallax? 

47. Give the reasons for the slight difference in the sidereal 
times of transit of a star as taken at different times of the year, 
supposing the instrumental and clock-errors to have been corrected. 
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48.. What must be the relation between the distances from 
the Sun of a superior and inferior planet, that their synodic revo- 
lutions may be equal? 

49. Having given that the mean motions of the Earth and 
Venus about the Sun are as 8 : 13; shew that Venus will be at 
her greatest angular distance from the Sun at sunset, at intervals 
of 584 days nearly. 

50. If Venus is a morning star and stationary, will it begin 
to move forwards or backwards among the stars? 

51. If Jupiter revolves round the Sun in 4320 of our days 
and round his axis in 10 hours ; find by how much his mean solar 
exceeds his sidereal day. 

52. The distance of Venus from the Sun being assumed to 
be 723 of the Earth's, find how long after conjunction she will 
be stationary. 

53. Shew that the period of the retrograde motion of an 
inferior planet is to that of its direct motion as ir - 2a is to 
v+ia, where a is its extreme elongation; the orbits of the 
Earth and planet being supposed circular. 

54. The parallaxes of the Sun and Moon being respectively 
8*86" and 57', find approximately the ratio of the distances of 
the Sun and Moon from the Earth, and thence shew that the 
Moon's orbit in space is always concave to the Sun. 

55. Shew that the full Moon in winter is longer above the 
horizon than in summer. 

56. At the Moon's rising, shortly after new Moon, will the 
horns of the crescent point upwards or downwards ? 

57. "Why is the angular magnitude of the Moon less when 
on the horizon than when at a great altitude ? 

58. Shew how the existence of the Moon's libration in 
longitude would be recognized by an observer of the Earth from 
the Moon. 

59. What must be the approximate age of the Moon that 
she may be seen in the south at seven o'clock in the morning at 
the time of the vernal equinox ? Will the convexity of the 
crescent appear to a spectator on his right hand or on his left ? 

60. Explain the variations of the times and places of setting 
of the Harvest Moon. 

61. The angular distance of Aldebaran from the Moon's 
centre was observed at a certain place at 3h. 40 m. to be 
66^ 14' ; at Greenwich, at noon and at 3 h., the distances of the 
game objects were 65° 9' 30" and 66^ 41' 30" respectively j deter- 
mine the longitude of the place. 
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62. Sapposing the Moon to move in the ecliptic, determine 
approximately the duration of a solar eclipse ; taking the 
angular diameter of the Sun and Moon to be 30' each, and the 
radius of the Moon to be 1^ that of the Earth. 

63. In a solar eclipse, shew that the shadow moves east- 
wards on the Earth's surface. 

64. Shew that the ecliptic limits are greater for a solar 
than for a lunar eclipae. 

65. Two stars 5, S^, which are very near each other, are ob- 
served to have the same azimuth. VHien S, after passing the 
meridian, has again the same altitude as before, S' has also 
that altitude. Prove that the ratio of the differences of the 
K.A.s and N.P.D.s of iS^and S' is nearly i : cos d, where d is 
the declination of S ; and that, if the times of the observations 
be nearly those of the rising and setting of S^, and I be the 
latitude of the place of observation, 

1J2 ain I — cos 5, nearly. 

66. What knowledge of the motions of the heavenly bodies 
can we obtain without knowing the form and maufnitude of the 
Earth ? What additional information is deduced from knowing 
these circumstances ? 



OAMBRIDOK: PRTNTBD at THB UNlVSBSrTT PRBSa. 



Cambridqe, 
November^ 1867. 

PUBUSHED BY 

DEIGHTON, BELL, AND CO. 

AKD 

BELL AND DALDY, LONDON. 



NOW IN COURSE OF PUBLICATION. 

Unifonnly printed in Foolscap 8vo. 

Cambrtlige Retool anli CoIItst 

CtjTt BooIts(, 

A Series of Elementary Treatises adapted for the Use of 
Students in the UniversitieSf Schools, and Candi- 
dates for the Piiblic Examinations. 

In order to secure a general harmony in the treatment, 
these works will be edited by Members of the University of 
Cambridge, and the methods and processes employed in Uni- 
versity teaching will be followed. 

Principles will be carefully explained, clearness and sim- 
plicity will be aimed at» and an endeavour will be made to 
avoid the extreme brevity which has so frequently made the 
Cambridge treatises too difficult to be used by those who 
have not the advantage of a private Tutor. Copious exam- 
ples will be added. 

iVW Beady. 

Arithmetic for the use of Schools and Colleges. 
By A. Wbiglbt, M.A. Professor of Mathematics in the 
late Royal Military College, Addiscombe. 3«. 6d. cL 

Elementary Trigonometry. By T. P. Hudson, 

M.A. Fellow of Trinity College. 3«. 6d. cl. 

Elementary Statics. By the Yery Rev. H. Good- 
win, D.D. Dean op Ely. 3a. cl. 

Elementary Dynamics. By the Very Rev. H. 
Goodwin, D.D. Daan of Ely. 3<. cL 



2 SCHOOL AND COLLEGE TEXT BOOKS— ConUnued, 
Elementary Hydrostatics. By W. H. Besant, 

M.A., Xiate Fellow of St John's College. 48. cl. 

Mensuration, An Elementary Treatise on. By 
B. T. MoOBE, M.A., Fellow of Pembroke College, 
Professor of Mathematics, Boyal Staff College, Sand- 
hurst. With numerous Examples. 59. 

Elementary Geometrical Conic Sections. By 

W. H. Besant, M. a., Late Fellow of St John's College. 

[In the Press. 

Elementary Chemistry. By G. D. Liveing, M. A., 

Late Fellow of St John's College. Preparing, 

Now in course of FMication, 

CamftrfiTjie (Btttk anlr iCatm Cejrtsf, 

CAREFULLY REPRINTED FROM THE BEST 

EDITIONS. 

This series is intended to supply for the use of Schools 
and Students cheap and accurate editions of the Classics, 
which shall be superior in mechanical execution to the 
small German editions now current in this country, and 
more convenient in form. 

The texts of the " Bibliotheca Classical* and " Grammar^ 
School Classics f^* so far as they have been published, will be 
adopted. These editions have taken their place amongst 
scholars as valuable contributions to the Classical Literature 
of this country, and are admitted to be good examples of the 
judicious and practical nature of English scholarship; and 
SIS the editors have formed their texts from a careful examina- 
tion of the best editions extant, it is believed that no texts 
better for general use can be found. 

The volumes are well printed at the Cambridge 
University Press, in a i6mo. size, and are issued at short 
intervals. 



CAMBRIDGE GREEK AND LATIN TEXTS. 8 

The following are now ready. 

NOVUM TESTAMENTUM Graecum, Textus Stephanici, 
1550. Accedunt variae lectiones editioDum Bezae, Elze- 
viri, Lachmanni, Tischendorfii, Tregellesii. Curante F. 
H. Scrivener, A.M. 45. 6d. 
An Edition on writing paper, for Notes. 4to. haif-hound, 12t. 

AESCHYLUS, ex novissima recensione F. A. Palbt, A.M^ 
Price 3«. 

CAESAR DE BELLO GALLICO, recensuit G. Long. 
A.M. 18. 

CICERO DE SENECTUTE ET DE AMICITIA 
ET EPISTOLAE SELECTAE, recensuit G. Long, 
A.M. 15. 6d. 

CICERONIS ORATIONES. Vol. I. Recensuit G. Long, 
A.M. 38. 6d, 

EURIPIDES, ex recensione F. A. Palet, A.M. Vol. I. 
3«. 6d. Vol. II. 3«. 6d. Vol. in. 3s. 6d. 

HERODOTUS, recensuit J. W. Blakeslet, S.T.B. 

1 Vols. 3«. 6d. each Vol. 

HORATIUS, ex recensione A. J. Maoleane, A.M. 

Price 28. 6d. 
JUVENAL ET PERSIUS, ex recensione A. J. Maoleane, 

A.M. i«. 6d. 

LUCRETIUS, recognovit H. A. J. Munro, A.M. 28. 6d. 

SALLUSTI CATILINA ET JUGURTHA, ex recen- 
sione G. Long, A.M. is. 6d. 

THUCYDIDES, recensuit J. G. Donaldson, S.T.P. 

2 Vols. 3s. 6d. each Vol. 

VERGILIUS, ex recensione J. Conington, A.M. 3«. 6d. 

XENOPHONTIS EXPEDITIO CYRI, recensuit J. F. 
Maomichael, A.B. 28. 6d, 

OTHERS IN PREPARATION. 



4 MATHEMATICAL TEXT BOOKS PUBLISHED BT 



ARITHMETIC AND ALGEBRA. 

An Elementary Treatise on Algebra and its 

groundwork Arithmetic. By ABOHIBALD BANDEHAN, M^ 

INearly rtadp. 

Arithmetic for the use of Schools and Colleges. 

By A. WBIOLET, M.A., Professor of MathematicB in the late Boyal 
Military College, Addiscombe. di.6d. 

Principles and Practice of Arithmetic. By the Rey. 

J. HIND. Ninth Edition, with Qnestions, is, 6d. 
««« KEY, with Questions for Examination. Second Edition, fit. 

A Progressive Course of Examples in Arithmetic 

With Answers. By the Bev. JAMES WATSON, M.A., of Corpui 
Ohristi College, Cambridge, and formeriy Senior Mathraoatical Master 
of the Ordnance School, Carshalton. Second Edition, revised a$»d cor* 
rected, Fcp. 8yo. 2s. M, 

Elements of Algebra. By the Rev. J. Hind. Sixth 

Edition, revised. 640 pp. 8to. lQs.6d, 

Treatise on the Theory of Algebraical Equations. 

ByfheEey. J.HYMBBS,I>.D. Thhrd Edition. Sra Ids.Od, 



TRI60N0METBT. 

Trigonometry required for the Additional Subject 

for Honours at the Previous Examination, according to the new 
scheme .sanctioned by the Senate June 1866. By J. M^DOWELL^ 
M.A., Pemlnroke College. Grown Sro. U, 6d. 

Elementary Trigonometry. By T. P. HunsON, 

M.A, Fellow of Trinity College. Zs.ikL 

Elements of Plane and Spherical Trigonomeiiy. 

BytheSeY. J. HIND. Fifth Edition. 12mo. 6s, 

Syllabus of a Course of Lectures upon Trigone 

metry and the Application of Algebra to Qeometzy, Sn^ Ta 6dL 



BEIGHTON, BELL AND GO. CAMBRIDGE. 



MECHANICS AND HTDBOSTATICS. 

Mechanics, required for the Additional Subjects 

for Honours at the Previous Examination, and for the Ordinary B.A. 
Degree. By J. M'^DOWELli, M.A., Pembroke College. Crown 8yo. 

Elementary Hydrostatics. By W. H. Besant, 

M.A., Late Fellow of St John's College. Fcp. Svo. it. 

Elementary Hydrostatics for Junior Students. By 

K. POTTfiB, M. A. late Fellow of Queens' College, Cambridge, Professor 
of Natural Philosophy and Astronomy in University College, London. 

The Propositions in Mechanics and Hydrostatics 

which are required for those who are not Candidates for Honours. By 
A. 0. BABBETT, M.A. Third Edition. Crown 8yo. 6f. 

Mechanical Euclid. Containing the Elements of 

Mechanics and Hydrostatics. By the late W. WHEWELL, D.J). 
Fifth Edition. 6s. 

Elementary Statics. By the Very Rev. H. Goodwin, 

D.D. Dean of Ely. Fcp. 8yo, cloth, 8«. 

Elementary Dynamics. By the Yery Rev. H. 

GOODWIN, D.D. Dean of Ely. Fcp. Sro, cloth, 8f. 

A Treatise on Statics. By the Rev. S. Eabnshaw, 

H.A. Fourth Edition. Svo. lOi. 

Dynamics, or, a Treatise on Motion. By the Rev. 

S. EABNSHAW. Third Edition. Svo. lit. 

A Treatise on the Dynamics of a Rigid Body. By 

the Bev. W. N. GBIFFIN. Svo. 6t.6d. 

•»• SOLUTIONS OF THE EXAMPLES. Svo. 



6 MATHEMATICAL TEXT BOOKS PUBLISHED BT 

Problems in illustration of the Principles of Theo- 
retical Mechanics. By W. WALTON, H. A Second Bdition. 8to. 18f. 

Treatise on the Motion of a Single Particle and 

of two Particles acting on one another. By A SANDEMAK. Sro. Ss. 6d. 

Of Motion. An Elementary Treatise. By the Rev. 

J. R. LUNN, MA. FeUow and Lady Sadleir's Lecturer of St Jdbn'a 
College. 8to. 7«. 6d. 

Chapter I. General principles of velodty and acceleration. Chapter IL 
Of the motion of a point in general Analytical expressions for velo- 
cities and accelerations in certain directions. Chapter IIL Of the 
motion of a point affected by a constant acceleration, the direction 
of which is alwajrs the same. Chapter lY . Of the motion of a point 
affected by an acceleration, the direction of which f^wajrs passes 
through a fixed point. CtiapterV. Of matter and force. Chapter VI. 
Of the dynamical laws of force, commonly called the laws of motion. 
Chapter y II. Of certain cases of free motion in nature. Chapter Till. 
Of constrained motion of particles. Chapter IX. Of impulses and 
collision of particles. Appendix. Of the Cycloid. 

Treatise on Hydrostatics and Hydrodynamics. By 

W. H. BESANT, M.A. 8vo. 9». 

The Principles of Hydrostatics. By T. Webster, 

M.A. 8vo. 7*. 6d. 

Problems in illustration of the Principles of Theo- 
retical Hydrostatics and Hydrodynamics. By W. WALTON, M.A. 

8vo. 10*. 6d. 

Collection of Elementary Problems in Statics and 

Dynamics. Designed for Candidates for Hcmours, first three days. By 
W. WALTON, M.A. 8vo. lOt. 6d. 

CONIC SECTIONS AND ANALYTICAL 

GEOMETRY. 

Elementary Analytical Geometry for Schools and 

Beginners By T. G. VYV YAN, Fellow of Gonville and Caius College, 
and Mathematical Master of Charterhouse. Crown 8vo. 7t. 6d. 

Tiilinear Co-ordinates, and other methods of Modem 

Analytical Oeomelry of Two Dimensions. By the Rev. W. ALLBN 
WHITWORTH, M.A., Professor of Mathematics in Queen'is College, 
Liverpool, and late Scholar of St John's College, Cambridge. 8to. 16$. 



DEIGHTON, BELL AND CO. CAMBRIDGE. 7 
An Introduction to Plane Co-ordinate Geometry. 

ByW. P.TURNBULL, B.A.FeUowofTrinityCoUege. 8vo. 12». 

Elementary Geometrical Conic Sections. By W. H. 

BESANT, M. A., Late Fellow of St John's College. [/n the Press. 

Conic Sections. Their principal Properties proved 

Geometrically. By the late W. WHEWELL, B.D. Master of Trinity. 
Third Edition. 8to. 2s. 6d. 

The Geometrical Construction of a Conip Section. 

By the Rev. T. 6ASKIN. 8vo. 8<. 

Treatise on Conic Sections. By the Rev. J. Hymers, 

D.D. Third Edition. 8to. 9«. 

A Treatise on the Application of Analysis to SoL'd 

Geometry. By J). F. GREGORY, M.A. and W. WALTON, M.A. 
Second Edition. 8vo. 12s. 

The Elements of Conic Sections. By J. D. 

HUSTLER. B.D. Fourth Edition. 8to. is.6d. 

Elementary Treatise on Solid Geometry. By W. 

S. ALDIS, M.A. 8vo. 8*. 

A Treatise on Plane Co-ordinate Geometry. By 

the Rev. M. O'BRIEN. 8vo. 9s, 

A Treatise on Analytical Geometry of Thi-ee 

Dimensions. By J. HYMERS, D.D. Thhrd Edition. 8vo. lOf. 6d. 

Problems in illustration of the Principles of Plane 

Co-ordinate Geometry. By W. WALTON, M.A. 8vo. 16t, 



DIFFERENTIAL AND INTEGRAL CALCULUS. 

An Elementary Treatise on the Differential Calcu- 
lus. By W. H. MILLER, M.A. Third Edition. 8vO. 6f. 

Treatise on the Differential Calculus. By W. 

WALTON, M.A. 8vo. 10#. 6d. 



8 MATHEMATICAL TEXT BOOKS PUBLISHED BY 

A Treatise on the Integral Calculus. By the Rev. 

J. HYMERS, D.D. 8vo. 10«. 6(2. 

Geometrical Illustrations of the Differential Calcu- 
lus. By M. B. PELL. 8to. 2s. 6(2. 

Examples of the Principles of the Differential and 

Integral Calcnilus. Collected by D. F. GBE60BY. Second Edition. 
Edited by W. WALTON, M.A. 8vo. 18#. 



ASTRONOMY. 
Elementary Treatise on Astronomy for the use of 

Coll^;e8 and Schools, and for Students preparing for the three days' 
Examination in the Senate-House. By P. T. MAIN, B.A. PeDow of 
St John's College. 8vo. 7«. 6d. 

Practical and Spherical Astronomy for the use 

chiefly of Students in the Universities. By the Bev. B. Maih, M.A., 
Badclifife Observer, Oxford. Svo. lis. 

Brunnow's Spherical Astronomy. Translated by 

the Rev. R. MAIN, M.A. F.R.S. Radcliffe Observer. Part I. In- 
cluding the Chapters on Parallax, Refraction, Aberration, Precession , 
and Nutation. Svo. 8s. ed. 

Elementary Chapters on Astronomy from the 

''Astronomie Physique" of Biot By the Very Rev. HABVET 
GOODWIN, D.D. Dean of Ely. Svo. is, 6d. 

*' They were translated with a different intention, but the admirable 
precision and clearness of description which characterise them led 
me to think that the publication of them would make a useful addi- 
tion to our present list of elementary books.^—TraiwtotorV Prtfoee, 

Notes on the Principles of Pure and Appb'ed 

Calculation, and on the Mathematical Principles of Pliysicai Theories. 
Bylthe Rev. J. CHALLIS, M.A., F.B.S., Plumian Professor of Astro- 
nomy and Experimental Philosophy in the University of Cambridge. 

[Preparing^ nearly reanHf* 



DEIGHTON, BELL AND CO. CAMBRIDGE. 9 

Choice and Chance. Two Chapters of Arithmetic. 

With an Appendix containing the Algebraical treatment of Permutationa 
and Combinations newly set forth. By the Rev. WILLIAM ALLEN 
WHITWOBiTH, M.A., Professor of Mathematics in Queen's College. 
Liverpool. Crown 8vo. 3«. 6d. 

Exercises on Euclid and in Modem Geometry, 

containing Applications of the Principles and Processes of Modem 
Pure Geometry. By J. McD0WELL,M.A., F.B.A.S., Pembroke College, 
pp. xxxi, 300. Crown 8vo. 8s. 6d. 

Elementary Course of Mathematics. Designed 

principally for Students of the UniTersity of Cambridge. By the Very 
Bev. HARVEY GOODWIN, D.D., Dean ot Ely. Sixth Edition, re- 
vised and enlarged by P. T. MAIN, M.A., Fellow of St John's Col- 
lege, Cambridge, bvo. 16s. 

Problems and Examples, adapted to the " Elemen- 
tary Course of Mathematics." By HARVEY GOODWIN, D.D. Dean 
of Ely. Third Edition, revised, with Additional Examples in Conic Sec- 
tions and Newton. By THOMAS G. VYVYAN, M.A. FeUow of Gon- 
ville and Caius College. 8vo. 6t. 

Solutions of Goodwin's Collection of Problems and 

Examples. By W. W. HUTT, M. A. late Fellow of Gonville and Caius 
College. Third Edition, revised and enlarged. By the Bev. T. G. 
VYVYAN, MJL. 8vo. 8». 

Collection of Examples and Problems in Arith- 
metic, Algebra, Geometry, Logarithms. Trigonometry, Conic Sections, 
Mechanics, dec. with Answers and Occasional Hints. By the Rev. 
A. WRIGLEY. Sixth Edition. 8vo. 8s. 6d. 

A Companion to Wrigley's Collection of Examples 

and Problems, being Hlustrations of Mat^jematical Processes and 
Methods of Solution. By J. PLATTS, Esq., and the Bev. A WBIGLBY, 
M.A. 8vo. 12s. 

Newton's Principia. First Three Sections, with 

Appendix, and the Ninth and Eleventh Sections. By the Rev. J. H. 
EVANS, M.A. Fourth Edition. 8vo. 6s. 

Series of Figures Illustrative of Geometrical Optics. 

From SCHELLBACH. By the Rev. W. B. HOPKINS. Plates 
Folio. 10s. 6d. 

A Treatise on Crystallography. By W. H. Miller, 

M.A. 8vo. 7s. 6d. 



10 DEIGHTON, BELL AND CO.'S PUBLICATIONS. 

A Tract on Ciystallography, designed for Stu- 
dents in the University. By W. H. Millsb, M.A. Professor of Miiie- 
ralogy in the University of Cambridge. 8vo. 5s. 

Physical Optics, Part II. The Corpuscular Theory 

of Light discussed Mathematically. By RICHARD POTTER. M.A. 
Late Fellow of Queens' College, Cambridge, Professor of Natural Philo- 
sophy and Astronomy in University College, London. It. M» 



The Greek Testament: with a critically revised 

, Text ; a Digest of Various Readings : Marginal References to Verbal and 
Idiomatic Usage; Prolegomena; and a Critical and Exegetical Com- 
mentary. For the use of Theological Students and Ministers. By 
HENRY ALFORD, D.D. Dean of Canterbury. 
Vol. I. Fifth Edition, containmg the Four Gospels. U. Bt. 
Vol. II. Fifth Edition, containing the Acts of the Apostles, the 

Epistles to the Romans and Corinthians. 11. 4s. 
Vol. III. Fourth Edition, containing the Epistles to the Galatians, 
Ephesians, Philippians, Colossians, Thessalonians,— to Timothcus, 
Titus and Philemon. 18s. 
Vol. IV. Part I. Third Edition, containing the Epistle to the He- 
brews, and the Catholic Epistle of St James and St Peter. 18s. 

Vol. IV. Part II. Second Edition, containing the Epistles of St John 
and St Jude, and the Revelation, lis. 

Codex Bezse Cantabrigiensis. Edited with Prole- 
gomena, Notes, and Facsuniles. By F. H. SCRIVENER, M. A Small 
4to. 26s. 

Wieseler's Chronological Synopsis of the Four Gos- 
pels. Translated by the Rev. R VENABLES, M.A. 8vo. lis. 

*' This opportunity may properly be taken of especially recommending 
to every thoughtful student this able treatise on the succession of 

events in the Gospel history A translation of it would 

be a very welcome aid to the general reader."— fip. EUicoWs Lec- 
tures on the Life of our Lord, 

Bentleii Critica Sacra. 

Notes on the Greek and Latin Text of the New Testament, extracted 
from the Bentley MSS. in Trinity College Library. With the Abbi 
Bulotta's Collation of the Vatican MS., a specimen of Bentley'fe in- 
tended Edition, and an account of all his Collations. Edited, with 
the permission of the Master and Seniors, by the Rev. A. A. ELLIS, 
M.A., late Fellow ofTrinity College, Cambridge. 8vo. 8s. ed. 



DEIGHTON, BELL AND CO.'S PUBLICATIONS. 11 

Companion to the Greek Testament. Designed 

for the uae of Theological Students and the Upper Forms in Schools. 
By A 0. BARRETT, M.A., Caius College. Second Edition, revised 
and enlarged. Ecap. 8vo. 5s. 

A general Introduction to the Apostolic Epistles, 

With a Table of St Paul's Travels, and an Essay on the State after 
Death. Second Edition, enlarged. To which are added a Few Words 
on the Athanasian Creed, on Justification by Faith, and on the Ninth 
and Seventeenth Articles of the Church of England. By A BISHOP'S 
CHAPLAIN. 8vo. 8g.6d. 

Butler's Three Sermons on Human Nature, and 

Dissertation on Vb^ue. Edited by the late W. WHEWELL, D.D. With 
a Preface and a Syllabus of the Work. Third Edition. Fcp. 8vo. 8#. 6d. 

An Historical and Explanatory Treatise on the 

Book of Common Prayer. By W. G. HUMPHRY, B.D. Third 
and Cheaper Edition, revised and enlarged. Fcap. Svo. it. 6d. 

Annotations on the Acts of the Apostles. Ori- 
ginal and selected. Designed principally for the use of Candidates 
for the Ordinary B.A. Degree, Students for Holy Orders, &c., with 
College and Senate- House Examination Papers. By the Rev. T. R. 
MASKEW, M.A. Second Edition, enlarged. 12mo. 5t. 

An Analysis of the Exposition of the Creed, writ- 
ten by the Right Reverend Father in Ood, J. PEARSON, D.D. late 
Lord Bishop of Chester. Compiled, with some additional matter occa' 
sionally interspersed, for the use of Students of Bishop's College, Cal- 
cutta. By W. H. MILL, D.D. Third Edition, revised and corrected. 
Svo. 6s. 

Hints for some Improvements in the Authorised 

Version of the New Testament By the late J. SOHOLEFIELD, M.A. 
Fourth Edition. Fcap. Svo. 4s. 

A Plain Introduction to the Criticism of the New 

Testament. With 40 facsimiles from Ancient Manuscripts. For the use 
of Biblical Students. By F. H. SCRIVENER, M.A. Trinity College, 
Cambridge. Svo. IBs. 

The Apology of Tertullian. With English Notes 

and a Preface, intended as an Introduction to the Study of Patristical 
and Ecclesiastical Latinity. By H. A. WOODHAM, LL.D. Second 
Edition. Svo. 8s. 6d. 



^schylus. Translated into English Prose, by 

F. A. PALEY, M.A. Editor of the Greek Text Svo. Is. «d. 



12 CLASSICAL BOOKS PUBLISHED BY 

^tna. Kevised, emended, and ezplaiDed, by 
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Ipswich School, late Fellow and AMistant Tutor of Trinity College, 
Cambridge. Second Edition. 8vo. IBs. 

The Flays separately. It., It. 6d. and 2t, each. 

NOTBS, 4f. 

Demosthenes, the Oration against the Law of Lep- 

tines, with English Notes, and a Translation of Wolfe'fe Prolegomena. 
Edited by B. W. BEATSON, M. A. Fellow of Pembroke College, Cam- 
bridge. Second Edition. Small 8vo. dt. 

Demosthenes de Falsa Legatione. Third Edition, 

carefully revised. By B. SHILLETO, A.M. 8to. Bt.6d. 

Demosthenes. Select Private Orations o£ After 

the text of DINDOBF, with the Various Beadings of BEISKE and 
BEKKEB. With English Notes. For the use of Schools. By C. T. 
PENBOSE, A.M. Second Edition. Bevised and corrected. 12mo. ii. 

Euripides. Fabulse Quatuor, scilicet, Hippolytus 

Coronifer, Alcestis, Iphigenia in Aulide, Iphigenia in Tauris. Ad fidem 
Manuscriptorum ac veterum Editionum emendavit et Annotationibui 
instruxit J. H. MONK, S.T.P. Editionova. 8vo. 12f. 
SeparcUdjf—mppoljtoB, 8vo, cloth, 5s. ; Alcestis, 8to, sewed, 4i. fUt, 

Lucretius. With a literal Translation and Notes 

Critical and Explanatory, by the Bev. H. A. J. MUNBO, H.A. FeUow 
of Trmity College, Cambridge. Second Edition, revised throughout 
2 Vols. Svo. Vol. I. Text, 16t. VoL II. Transhition, 6*, May be had 
separately. 

Plato. The Gorgias, literally translated, with an 

Introductory Essay, containing a Summary of the Argument By 
E. M. COPE, M.A. Fellow of Trinity College, Cambridge. Svo. 7«. 

Plato, The Protagoras. The Greek Text, with 

English Notes. By W. WAYTE. M.A. Svo. 6*. M. 

Plautus. Aulularia. With notes. Critical and 

Excgetical, and an Introduction on the Plautian Metres and Proeody. 
By Dr WM. WAGNEB. Svo. 9s. 

Plautus. Aulularia. Ad fidem Codicum qui in 

Bibliotheca Musei Britannid exstant aliorumque nonnuUorom re- 
censuit, Notisque et Glossario locuplete instrozit J. HILD YAED, A.M . 
Editio altera. Svo. It. 6d. 
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Plautus. Mensechmei. Ad fidem Codicum qui 

in Bibliotheca Musei Britannid ezstant aliorumque nonnullorum 
recensuit, Notisque et Gloflsario locuplete instruzit J. HILDYARD, 
A.M. Editio altera. 79. M. 

Propertius. The Elegies of. With English Notes, 

and a Preface on the State of Latin Scholaraliip. By F. A. PALEY, 
M. A. With copious Indices. 10«. Qd. 

Verse-Translations from Propertius, Book V. With 

a Revised Latin Text, and Brief English Notes. By F. A. PALEY, M.A. 
Editor of Propertius, Ovid's Fasti, &c. Fcp. 8vo. Si. 

% 

Virgil. The^neidof. Books I— II. Translated 

mto English Verse in the Spenserian Stanza. By EDWARD FAIR- 
FAX TAYLOR. Small 8vo. St. 6d. 

Theocritus, recensuit brevi commentario instruxit 

F. A. PALEY, M.A. Grown 8vo. is. 6d. 

A Complete Greek Grammar. For the use of 

students. By the late J. W. DONALDSON, D.D. Third Edition, 
considerably enlarged. 8vo. 16«. 
Without being formally based on any German Work, it has been writ* 

ten with constant reference to the latest and most esteemed of Greek 

Grammars used on the Continent. 

A Complete Latin Grammar. For the use of 

students. By the Ute J. W. DONALDSON, D.D. TUrd Edition, 

considerably enlarged. 8vo. lis. 
The enlarged Edition of the Latin Grammar lias been prepared with 
the same object as the corresponding work on the Greek language. 
It is, however, especially designed to serve as a convenient hand- 
book for those students who wish to acquire the habit of writing 
Latin ; and with this view it is furnished with an Antibarbarus, with 
a full discussion of the most important synonyms, and with a varied 
of information not generally contained in works of this description. 

Varronianus. A Critical and Historical Introduc- 
tion to the Ethnography of Ancient Italy, and to the Philological Study 
of the Latin Language. By the late J. W. DONALDSON, D.D. 
Third Edition, revised and considerably enlarged. 8vo. 16s. 

The Theatre of the Greeks. A Treatise on the 

History and Exhibition of the Greek Drama : with various Supplements. 
By the late J. W. DONALDSON, D.D. Seventh Edition, revised, 
enlarged, and in part remodelled, with numerous illustrations from 
the best ancient authinitiea. 8vo. 14#. 
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Classical Scholarship and Classical Learning con- 

lidervd with especial reference to CompetitiTe Tests and UniTenitjr 
Teaching. A Practical Essay on Liberal Education. By the late J . W. 
DONALDSON, D.D. Crown 8vo. 6s. 

Sophocles. The CEdipus Coloneus of, with Note?, 

intended principally to explain and defend the Text of the manu- 
scripts as opposed to conjectural emendations. By the Bev. O. £. 
PALMER, M.A. 9*. 

Tacitus (C). Opera, ad Codices antiquissimos 

exacta et emendata, Commentario critico et exegetico illustrata. 4 vols. 
' 8vo. Edidit F. RITTEB, Prof. Bonnensis. Reduced to 14f. 

Translations into English and Latin. By C. S. 

CALYERLEY, late Fellow of Christ's College, Cambridge. Small 8>-o. 
7s. 6d. 

P. Virgilii Maronis Opera edidit et syllabamm 

quantitates novo eo que facili modo notavit Thomas Jarrett, M. A Lin- 
guae Hebracae apud Cantabrigienses Pr(tfessor Regius, lis. 

-Ariindines Cami : sive Musarum Cantabrigiensium 

Lusus Canoii. Collegit atque ed. H. DRURY, AM. Editio quinta. 
Cr. 8vo. 7s. M, 

Foliorum Silvula. Part the first. Being Passages 

for Translation into Latin Elegiac and Heroic Verse. Edited with 
Notes by the Rev. HUBERT A. HOLDEN, LL.D., Head Master of 
Queen Elizabeth School, Ipswich. Late Fellow of Trinity College, 
Cambridge. Fourth Edition. PostSvo. 7s. 6d. 

Foliorum Silvula. Part II. Being Select Passages 

for Translation into Lathi Lyric and Comic Iambic Verse. Arranged 
and edited by the Rev. HUBERT A. HOLDEN, LL.D. Third 
Edition. Post 8vo. 6s. 

Foliorum Silvula. Part III. Being Select Passages 

for Translation into Greek Verse. Edited with Notes by ttie Rev. 
HUBERT A. HOLDEN, LL.D. Thi^d Edition. PostSvo. 8f. 

Folia Silvulse, sive Eclogse Poetarum Anglicorum 

in Latinum et Oraecum conversae quas disposuit, HUBEBTU8 A. 
HOLDEN, LL.D. Volumen Prius. Conthiens Fasciculos I. IL 8vo. 
10s. 6d. 

Foliorum Centurise. Being Select Passages for 

Translation into Latin and Greek Prose. Arranged and edited by 
the Rev. HUBERT A. HOLDEN, LL.D. Third Edition. Post 8to. Ss. 
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Kennedy (Rev. Dr). Progressive Exercises in Greek 

Tragic Senarii, followed by a Selection from the Greek Verses of 
Shrewsbury School, and prefaced by a short Account of the Iambic 
Metre and Style of Greek Tragedy. For the use of Schools and Private 
Students. Second Edition, altered and revised. 8vo. 8s. 



Accidence Papers set in the Previous Examination, 

December, 1866. 12mo. 6d. 

Cambridge Examination Papers. Being a Supple- 
ment to the Cambridge University Calendar, 1859. 12mo. 6s. 

Containing those set for the Tyrwhitt's Hebrew Scholarships.— Theo- 
logical Examinations. — Cams Prize. — Crosse Scholarships. — Mathe- 
matical Tripos.— The Ordinary B.A Degree.— Smith's Prize.- Uni- 
versity Scholarships.— Classical Tripos. — Moral Sciences Tripos.— 
Chancellor's Legal Medals. — Chancellor's Medals.— Bell's Scholar- 
ships. — Natural Sciences Tripos. — Previous Examination. — Theological 
Examination. With Lists of Ordinary Degrees, and of those who have 
passed the Previous and Theological Examinations. 
37^ Examination Papers 0/I866, price 2s. 6d., 1857 and 8, is. 6d. each, . 

map still be had. 

A Manual of the Roman Civil Law, arranged 

according to the Syllabus of Dr HALLIFAX. By G. LEAPING- 
WELL, LL.D. Designed for the use of Students in the Universities and 
Inns of Court 8vo. 12s. 

The Mathematical and other Writings of EGBERT 

LESLIE ELLIS, M.A., late Fellow of Trinity CoUege, Cambridge. 
Edited by WILLIAM WALTON, M.A. Trinity College, with a 
Biographical Memoir by the Very Eeverend HABVBY GOODWIN, 
D.D. Dean of Ely. 8vo. 16*. 

Lectures on the History of Moral Philosophy in 

England. By the late Rev. W. WHEWBLL, D.D. Master of Trinity 
College, Cambridge. New and Improved Edition, with Additional Lec- 
tores. Crown 8vo. 8s. 

The Additional Lectures are printed separately in Octavo for the conve- 
nience of those who have purchasedthe former Edition. Price Sf. 6d. 

A Concise Grammar of the Arabic Language. Re- 
vised by SHEIKH ALI NADY EL BARRANY. By W. J. BEA- 
MONT, M.A. Fellow of Trinity College, Cambridge, and Incumbent of 
St Michael's, Cambridge, sometime Principal of the English College, 
Jerusalem. Price 7«. 

A Syriac Grammar. By G. PHILLIPS, D.D., 

President of Queens' College. Third Edition, revised and enlarged. 
8vo. 7«. 6d. 



Now ready J fcap. Svo, price 58, 

€bt ^txiaenVi ^uOie to tfte sanibersftp 

of Cambrfliffe* 

SECOND EDITION, REVISED AND CORRECTED 

IN ACCORDANCE WITH THE RECENT 

REGULATIONS. 

<a^ontent$s. 

Intboduotion, by J. R. Seeley, M.A. 
On University Expenses, by the Rev. H. Latham, M.A. 
On the Choice op a College, by J. R. Seeley, M.A. 
On the Course op Reading por the Mathematical 

Tripos, by the Rev. W. M. Campion, B.D. 
On the Course op Reading por the Classical Tripos, 

by the Rev. R. Burn, M.A. 
On the Course op Reading por the Moral Sciences 

Tripos, by the Rev. J. B. Mayor, M.A. 
On the Course op Reading por the Natural Sciences 

Tripos, by Professor Liveing, M.A. 
On Law Studies and Law Degrees, by Professor J. T. 

Abdy, LL.D. 
Medical Study and Degrees, by G. M. Humphry, M.D. 
On Theological Examinations, by Professor E. Harold 

Browne, B.D. 
The Ordinary (or Poll) Degree, by the Rev. J. R. 

LUMBY, M.A. 

Examinations por the Civil Service of India, by the 

Rev. H. Latham, M.A. 
Local Examinations op the University, by H. J. 

RoBY, M.A. 
Diplomatic Sbbvicb. 
Detailed Account op the Several Colleges. 

''Partly with the view of assisting parents, guardians, 
Bchoohnasters, and students intending to enter their names at 
the University — partly also for the benefit of undergraduates 
themselves — a very complete, though concise, volume has just 
been issued, which leaves litUe or nothing to be desired. For 
lucid arrangement, and a rigid adherence to what is positively 
useful, we know of few manuals that could compete with thit 
Student's Guide. It reflects no little credit on the University 
to which it suppUes an unpretending, but complete, intro- 
duction." — Saturday Review. 
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